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A b s t r a c t
The m agne tic  p ro p e r t ie s  o f  c o n v e n t io n a l  and  h ig h - te m p e r a tu re  
superconductors  have been inves tiga ted  using several neutron scatter ing  
t e c h n iq u e s .
E lastic-neutron diffraction  m easurem ents  have been performed upon a 
single crystal of PrBa2C u 30 7.5 to explore the nature of the magnetic order. At 
T n i , which is above room temperature for all 8, the Cu spins in the CuO, planes
order  in a simple an tiferrom agnet ic  arrangem ent with the spins lying 
within the a -b  plane. At a lower temperature, at TN2, the chainer Cu spins also
order  an t i fe r rom agne t ica l ly  in the a - b  plane forcing an overall non- 
collinear configuration of Cu spins. T N2 was found to be strongly dependent
on the oxygen concentration of the crystal.  No long-range magnetic ordering 
of the Pr spins was observed down to 1.9K, although strong two-dimensional 
short-range correlations of the Pr spins were observed at temperatures up to 
20K, with the Pr spins aligning antiferromagnetically along the c direction. 
The failure of the onset of long-range magnetic order is attr ibuted  to 
frustration in the crystal caused by impurities and substitutional defects. 
T h e s e  s t r o n g  t w o - d i m e n s i o n a l  s h o r t - r a n g e  c o r r e l a t i o n s ,  a t  
uncharac ter is t ica l ly  high tem pera tu res ,  provide possible ev idence of the 
hybridisation of the Pr 4f electrons with the conduction electrons of the CuO,
p la n e s .
The magnetisation density induced by an applied field in PrBa2C u 30 7.8 has 
been measured by polarised-neutron diffraction. The magnetisation density 
distribution at the Pr site is found to differ strongly from a spherical free-ion 
distribution with the magnetisation density extending towards the Cu sites in 
the C u 0 2 planes. This distortion from a free-ion density distribution again
supports the hypothesis of the hybridisation of the Pr 4 f  electrons with the 
conduction electrons of the C u 0 2 planes.
Polarised-neutron reflectrometry has been used to study the evolution of 
the magnetic induction profile at the surface of a superconducting Pb film 
with increasing applied field. In the bulk superconducting state the spin- 
dependent reflectivity profiles are consistent with a pure exponential decay 
of the magnetic induction with a penetration depth of (390 ± 10) A. In the 
su rface  superconducting  region the re f lec tiv i ty  profiles  are accura te ly  
described over the whole range of applied fields by the Ginsburg-Landau 
theory if the Ginsburg-Landau parameter, K, is allowed to vary.
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The work contained in this thesis is my own, except where specifically 
stated as otherwise, and was based at the Department o f  Physics at the 
University of  Warwick and the Institut Max Von Laue - Paul Langevin, 
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INTRO DUCTIO N
A c lea r  understanding of the m agnetic  properties o f  superconducting 
m a te r ia l s  cou ld  y ie ld  v a lu ab le  in s ig h t  into the p h en o m en o n  of 
superconductiv ity  as well as being of great in te rest fo r  our general 
understanding of magnetism. Neutron scattering provides an excellent tool 
for the examination of the magnetic properties of m ateria ls  due to the
neutron possessing no net charge and a magnetic moment. The neutron is
therefore able to penetrate deep into the bulk of materials and is able to 
interact with the magnetic moments of unpaired electrons. In this thesis
several magnetic properties of conventional and high temperature (high-Tc) 
superconductors are examined using various neutron scattering techniques.
In h igh -T c superconductivity when Pr is doped into the YBa2C u 30 7.g 
superconductor  the superconducting transition , T c, decreases as the amount
of  Pr inc reases  until su p e rc o n d u c t iv i ty  is en t ire ly  supp ressed  at a
composition of Y0 5P r0 5B a 2C u 30 7.g, (Liang et al. 1987). In contrast, the doping 
of the other rare-earth ions into YBa2C u 30 7.5, has very little effect on the Tc of 
-90K , (Hor et al. 1987). In addition there is also evidence that the Pr member 
of the ReBa2C u 30 7_s family of materials, where Re is a rare-earth ion, also has
an a n o m a lo u s  m agne tic  b eh a v io u r .  The R e3* ion spins, within the 
supe rconducting  com pounds,  all o r d e r  an t i fe r ro m ag n e t ica l ly  below 2.5K 
while the Pr spins appear to order at the surprisingly high temperature of
17K, (Li et al. 1989). The mechanism for this anom alous behaviour of
P r B a 2C u 30 7.s is still a matter of debate and its explanation could aid the general 
u n d ers tand ing  of  the or ig ins  of  h igh-T c su p e rc o n d u c t iv i ty .  There is 
considerable experimental and theoretical evidence that this behaviour may 
be due to a magnetic interaction between the magnetic moments on the Pr
sites and the conduction electrons o f  the C u 0 2 planes. Such an interaction
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and h en c e i n h ib i tm ig h t  l o c a l i s e  the  c u r r e n t - c a r r y i n g  ho les  
superconductivity  and provide a super-exchange interaction for the Pr spins.
In an attempt to correlate the mechanism of magnetic exchange and high- 
T c superconductivity we made a detailed study of the magnetic structure of 
P rB  a 2C u 30  7.5. Up to the present, experiments on the magnetic order of Pr in
P rB  a ,C  u 30  7.8 have only been performed using polycrystalline samples. We
have perform ed several single-crysta l neutron diffraction studies, upon a 
P r B a , C u 3 0 7 .6 crystal in various oxygenation states, in order to determine
accurately the various ordered magnetic states of the Cu and Pr magnetic 
moments and to study the dependence of these ordered states on temperature.
A d d i t io n a l ly ,  we have a t tem p ted  to observe d irec tly  the possib le 
hydridisation of the Pr 4 f  electrons with the conduction electrons of the C u 0 2
planes using polarised-neutron diffraction. We have performed a polarised- 
neutron diffraction experiment upon a single crystal of PrBa2C u 3 0 7.5. in order
to accura te ly  determine the magnetisation  density distribution within the 
crystal unit cell.
F rom  the G insbu rg -L andau  model o f  conventional  supe rconductiv ity ,  
superconductivity  was predicted to persist in a narrow surface region of  a 
m a te r ia l  a b o v e  the c r i t ic a l  a p p l ied  m agnetic  f ield  for the bulk 
superconducting  state , (Saint-Jam es and de Gennes. 1963), a phenomenon 
known as surface superconductivity. The detailed investigation of the surface 
superconducting region has proved difficult since only a small fraction of 
the sample is in the superconducting state. Polarised-neutron reflectrometry 
(Felcher. 1981), a surface sensitive technique, has been used to investigate 
this region within Pb films. The existence of a surface superconducting layer 
produces a variation in the magnetic induction profile as a function of depth 
in the sample and hence a contrast mechanism for the scattering of neutrons. 
The aim of this series of experiments was to study the evolution of the surface
2
superconducting region with applied field and to determine the validity of 
the Ginsburg-Landau theory in both the bulk and superconducting regions.
3
CHAPTER ONE
ASPECTS OF SUPERCONDUCTIVITY.
1.1 I n t r o d u c t i o n .
In the early part of this century Kammerlingh Onnes discovered that the
dc resistivity of mercury fell to zero below 4.2 K, and thus first observed the
phenom enon  which would be known as superconductiv ity ,  (Kammerlingh 
Onnes. 1911). Materials which were considered as superconductors exhibited 
two d is t inc t  character is t ics ,  zero resis tiv ity  and zero magnetic induction
within the bulk of  the material, in a weak external field. Throughout the next
75 years, wide interest in superconductivity developed, although it remained 
a low-tem perature phenomenon, with a reasonable number of elements and 
m ateria ls  found to be superconducting below 25 K. By the late sixties a 
com plete microscopic theory, BCS theory, had been developed which provided 
an a c c u ra te  e x p la n a t io n  o f  the  o b s e rv e d  p h y s ic a l  p ro p e r t ie s  o f
superconductors ,  (Bardeen et al 1957). The basis o f  this theory was an
a t t rac t iv e  in teraction ,  mediated  by phonons, between e lectrons near the 
Fermi surface. Pairs of electrons, known as 'Cooper pairs’, condense into a 
low er energy state in which each electron has an opposite momentum and
spin to its pair. As these 'Cooper pairs' all move with a single coherent motion 
local perturbations cannot scatter an individual pair and hence the collective 
group of 'Cooper pairs' may flow without a dissipation of energy.
In 1986 an important break through  in the field of superconductiv ity  
occurred  when Bednorz and Muller, 1986, d iscovered superconductivity in 
cuprate oxides at 30K. This led to a revolution in the field and shortly after,
su p e rc o n d u c t in g  materia ls  were d iscovered  which were superconducting  
above liquid nitrogen temperatures. The discovery of  these high-temperature 
su pe rconduc to rs ,  which could  not be sa tis fac tor i ly  explained using the
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conventional BCS theory, opened up the field of  high-Tc superconductivity, 
(for a general overview o f  the historical developm ents  see e.g Cyrot and 
Pavuna. 1992)
1.2 T h e  f i e l d  p e n e t r a t i o n  i n to  a b u l k  s u p e r c o n d u c t o r .
T he  p r in c ip a l  m agne t ic  p roper ty ,  and bas ic  c h a ra c te r is t ic ,  o f  all 
superconducting materials is the exclusion of a magnetic field from the bulk 
of  the superconductor, an effect known as the Meissner effect (Meissner and 
Oschenfeld. 1933). The vanishing magnetic induction in the interior o f  the 
material is due to induced surface currents whose magnitude and distribution
are such that they create an opposing internal field cancelling out the
applied  field. The m agnetic induction . B(x). does not drop to zero
discontinuously at the surface but decays over a characteristic length. Ap.
known as the penetration depth and defined by
A.p - i-  B(z) dzBjo ( 1.1)
where B, = n 0 H . ,  H, is the applied field and z is the distance measured normal 
to the surface . (*Note: The penetration  depth is conventionally  denoted 
simply by A in order to avoid confusion with the neutron wavelength, also 
conventionally  denoted by A, we denote the penetration depth by Ap and the 
London penetration depth by AL throughout this thesis.)
Shortly after the discovery of  the Meissner effect, London and London 
(1935) developed a macroscopic model for the electromagnetic behaviour o f  a 
superconductor based upon a local relationship between the current density, 
J ( r ) ,  and the vector potential associated with the magnetic field, A (r) .  This 
relationship can be written as
m ( 1 2 )
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where n is the density o f  the superconducting particles, of charge e and mass 
m. The application of Maxwell's equations, within the London theory, leads to 
an exponential decay o f  the magnetic induction with increasing depth into 
the superconductor, characterised by a London penetration depth, A.L where
B(z) = B(0) exp( - z/XL) (1.3)
Experim enta l values o b ta ined  for the penetra tion  depth  were generally  
several times larger than predicted and also showed a purity and sample size 
dependence not permitted within the London theory.
The failure of the London theory was explained by Pippard (1953) who 
proposed that the London equation was the limiting form of  a more general 
non-local relationship, between  the current density and vector potential, 
described by
J(r)  = 3 n e 2 / R ( R . A (r ')
4^om J R4
'* exp( - R/^) d ’r'
(14)
where ^ is a c o h e ren ce  d is tan c e  over  which o rd e r  ex tends  in the 
superconductor ,  r and r are the positions of the electrons of each Cooper pair 
and R = r - r . In the limit where A(r ) varies very little over length scales of 
the order q then equation 1.4 is the same as equation 1.2. The range of 
coherence, commonly known as the coherence length, is dependent on the 
mean free path, /, o f  superconducting  e lectrons and is related to the 
coherence length of a pure superconductor, 4o (4 So as /-»<*>), by
_ L  = -L + -L 
4(0 4„ at (15)
where a  is a constant o f  order unity. The validity of the non-local Pippard 
equation is strongly supported by BCS theory (Bardeen et al. 1957) and an 
entirely equivalent non-local relationship follows directly from BCS theory.
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From the non-local rela tionship  the penetration  depth can be evaluated  
explicitly in two limiting cases :
for ^ »  /, (London limit) (1.6)
and = for i, «  /, (Pippard limit) (1.7)
The application of the non-local relationship within BCS theory leads to small 
deviations from an exponential decay and, in some cases, even a reversal in 
the sign o f  the magnetic induction within the superconductor is possible 
(Drangeid and Sommerhalder. 1962).
1 .3  G i n s b u r g - L a n d a u  t h e o r y .
In 1950, Ginsburg and Landau introduced a phenomenological approach to 
su p e rc o n d u c t iv i ty  based  upon L a n d a u ’s work on se co n d -o rd e r  phase 
transitions (for a detailed  descrip tion  of  G insburg-Landau theory and its 
application to superconductivity  see Lynton. 1964, Parks. 1969, Tilley and 
Tilley. 1986). This approach modified the London theory, as did later Pippard 
(1953), by breaking the rigidity of the superconducting wave function and 
introducing an order parameter, ¥ ,  which was the measure of the order in the 
superconducting state . It can also be assumed that the order parameter is 
equivalent to an ‘e ffec tive’ wave function o f  the superconducting electrons. 
The important consequence of this assumption is that ¥  is complex and varies 
in space. ¥  is defined to be zero in the non-superconducting phase and unity 
in the superconducting phase at zero temperature, in a zero applied field.
The G insburg-L andau  theory expresses  the free energy density  o f  a 
superconducto r ,  G,,  in terms of ¥  and the vector potential, A,  that describes an
applied magnetic field, H, :
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( 1.8)
B
H dB
h
where Gn is the free energy of the normal paramagnetic state in zero field, a
the superconducting pairs, and B is the local internal magnetic induction. 
Minimisation of the total free energy with respect to V and A leads to two 
eq u i l ib r iu m  equa t ions ,  known as the G in sb u rg -L a n d a u  equa t ions  and 
commonly written as
where J s is the superconducting current. In a very weak field, H = 0, V 
remains practically constant, and equation 1.10 reduces to
These coupled non-linear Ginsburg-Landau equations have been solved for a 
number of simple one-dimensional prob lem s. Important successes of this 
theory include the prediction of the correct dependence with temperature of 
the cr it ica l field for a superconducting reg ion , close to the transition 
temperature, and an explanation of the la rge positive energy needed to 
explain the Meissner effect. Other calculations have also showed a change of 
sign of the surface energy for K = 0.707, where K = Xp/1;, the Ginsburg-Landau
parameter which helped define the difference in behaviour between type I 
and II superconductors. (For type II superconductors, an additional phase 
exists  in w hich  superconducting  regions coex is t  w ith  normal regions 
between two critical fields, Hcl and Hc2, e.g. see Parks. 1969).
and p are Landau parameters, m* and e" are the effective mass and charge of
2 m ’
3 G „(0 ) 
V +  H —
3 v ‘ (1.9)
V 2A = - 4 a j l = 27tie<‘ ~h[M,’y v  - y V y ’] +
C m * rm  C m  *C2 ( 1. 10)
m c ( 111)
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Ginsburg-Landau  theory represents a generalisa tion  o f  London’s theory 
and therefore is effectively a local theory and distinct from the non-local 
theories of Pippard (1953) and BCS (1957). However, a full examination of BCS 
theory reveals  the essentially correct nature of  Ginsburg-Landau theory, and 
as the Ginsburg-Landau equations are much simpler than BCS theory they are 
often used  to provide a valuable  insight into the general aspects  of 
superconductivity. An additional problem is that G insburg-Landau theory is
valid only near the transition between the normal metallic state and the 
superconducting state because the free energy, equation 1.8, is actually a 
power series in IVI2 and so only applies when IV I2 «  1. The domain of validity 
of these equations may be increased by relaxing several of the restrictions on 
the free energy  while rem aining within the scope o f  the microscopic 
theories. G insburg-Landau theory can be particular useful in the domain of 
su r face  e f f e c t s  and  in r e la t in g  the tw o  le n g th  p a ra m e te r s  of
superconductivity , the penetration depth, A.p, and the coherence length, i,.
1 . 3 .1  S u r f a c e  s u p e r c o n d u c t i v i t y .
In 1963, theoretical calculations by Saint-James and de Gennes, based upon 
G in sbu rg -L andau  theory ,  p red ic ted  an add i t iona l  su p e rconduc t ing  phase 
which ex tended to a depth of the order of the coherence length from the
surface of a material above an applied field which was sufficient to drive the
bulk material normal, (Saint-James and de Gennes. 1963). The existence of this 
su rface  su p e rc o n d u c t in g  reg ion  ex p la in e d  the p u zz l in g  d isc re p a n c ie s  
between the critical fields, for the transition from the superconducting to the
normal state, obtained separately from resistive and magnetic techniques.
Saint-James and de Gennes linearised the G insburg-Landau equations and 
applied  the boundary  cond it ions  for a p lanar  su p e rc o n d u c to r - in su la to r  
interface. T hese  ca lcu la t ions p red ic ted  a surface superconducting  region, 
with an upper critical field, Hc}, for materials with a K > 0.42. The value of HcJ
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depends upon the angle the applied field makes with the interface and is a 
maximum when the applied field is parallel to the surface. F o r  a field 
p e rp e n d icu la r  to the interface no surface superconducting  reg io n  is 
predicted. The solutions of the Ginsburg-Landau equations are strongly 
e f fec ted  by the ir  boundary  cond it ions  and as a resu lt  a surface 
superconducting  region cannot occur for a supe rconducto r-norm al metal 
i n t e r f a c e .
For the particular case of an applied field parallel to the interface HcJ can 
be expressed as
Hc3 = 2.392 K Hc[ , (1.12)
and for type II materials this may be simplified to
Hcj = 1.695 Hc2 (1.13)
The predicted variation of Hc3 on the value of K, along with the crit ical fields 
H c, and Hc2, can be seen more clearly in figure 1.1, (Tinkham. 1975).
The work of Saint-James and de Gennes (1963) stimulated much interest and 
expe r im en ta l  ac tiv ity  in the phenomenon of surface supe rconduc tiv ity .  
Shortly after their work the existence of a surface superconducting region 
was confirmed, for both type I and type II superconductors, by various 
exper im en ta l  techniques,  including magnetisation measurements (Tom asch  
and Joseph. 1964), resistivity measurements (Hempstead and Kim. 1964) and ac 
susceptibility measurements (Strongin et al. 1964). Due to the dependence of 
H c3 on K (equation  1.12) surface superconductiv ity  in v e s t ig a t io n s  also 
p r o v id e d  an a c c u r a t e  te c h n iq u e  for  d e te rm in in g  K for type I
superconductors, (Rosenblum and Carbona. 1964b, Seidel and Meissner. 1965).
The linearised Ginsburg-Landau equations, used by Saint-James and de 
Gennes, are only strictly valid near Hc3, where V is much smaller than its 
value in a zero field, V 0. For arbitrary fields the full non-linear Ginsburg- 
Landau equations must be considered. These non-linear equations have been
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F i g u r e  1.1: D e p e n d e n c e  of  th e  c h a r a c te r i s t i c  c r i t i c a l  f ie ld s  o f  
superconductors on the value of the Ginsburg-Landau constant, K. Hc3 is the 
value of  the l im iting  field strength for  surface superconductivity when the 
applied field is parallel to the surface, (figure 13.12, Tinkham. 1975).
solved using an iterative numerical calculation. (Felici and Gray. 1984), and 
have enabled the variation of the magnetic induction and order parameter, 
with respect to the distance from the surface, to be calculated explicitly. These 
calculations have shown a maximum diamagnetism for K -  0.707 in an applied 
field slightly  greater than Hc2. The variation of the magnetic induction 
profile and the behaviour of V with applied field, for K = 0.5, is shown in
figure 1.2.
1.4 T h e  R e B a 2C u 30 7.8 c l a ss  o f  s u p e r c o n d u c t o r s .
After the discovery of superconductivity above 90K in YBa-,Cu30 7.8 (Wu et
al. 1987), fu rther  inves tiga tions  revea led  an en t ire ly  new class of 
superconductors of the form ReBa2Cu 30  7.8, where Re is a rare earth element,
(e.g. Yang et al 1987 and Hor et al. 1987). Surprisingly the substitution of the 
trivalent rare earth ion for Y was found not to change the superconducting 
properties s ignificantly ,  even though most of the rare earth ions have 
partially filled 4f electron shells and an associated magnetic moment. This is
in contrast to the situation for conventional superconductors where small 
concen tra t ions  of paramagnetic ions are found to suppress strongly the
transition tem perature , Tc, (Maple. 1973) The only known exception within
this class o f  materials is where the rare earth element is Pr. (Attempts to 
prepare the compounds CeBa2C u 30 7.5 and TbBa2C u 30 7_5, with the same structure 
as YBa2C u 30 7_8, have failed (Yang et al. 1988), and PmBa2C u 30 7.8 has not been 
prepared because of  the short half  life o f  the radioactively unstable Pm
nucleus. Therefore the only truly non-superconducting  member of this 
series is PrBa2C u30 7.8. )
The superconducting properties of ReBa2C u 30 7.8 show little variation with 
the choice of Re1+ ion, with the exception of Pr. The transition temperatures, 
for 8 » 0, are typically between 90K and 94K, and decrease with increasing 5 
until 8 ■ 0.6 where superconductivity is destroyed and the material becomes
a )
0.0  2.0 4.0 6.0  8.0 10.0
* / V
Figure 1.2: The magnetic induction, (a), and the superconducting  order 
parameter, (b), are plotted as a function of distance from the surface of a 
superconducto r  for K = 0.5 and for various indicated values o f  the reduced 
applied field Ha/ H c, (calculated upon the  same basis as figure 3, Felici and 
Gray. 1984.).
insulating, (e.g. Hor et al. 1987 and Cava et al. 1987). In addition to these high 
values of Tc, the ReBa2C u - ,0 7.8 compounds have very large values of the upper 
critical magnetic fields Hc2(T) (Orlando et al. 1987). Measurements of the
/dH 7\
initial slopes of Hc2, l ~ r ^ J  , on polycrystalline samples, have also revealed no d 1 y
systematic dependence on the ionic radii. For all the ReBa2C u , 0 7_8 compounds, 
direct resistance measurements on epitaxially grown films, (Chaudhari et al. 
1987), and indirect magnetisation techniques, (Ferriera et al. 1987), have 
found critical currents of 106- 107 A cm '2 for current flow in the a  - b planes, 
at liquid helium  temperatures. (For a more detailed exam ination of the
superconducting properties of the ReBa2C u 30 7.8 compounds see Markert et al. 
1989.)
The structure of these compounds has been well established using neutron
pow der  and s in g le -c ry s ta l  d if frac tion .  It is a layered,  o r thorhom bic ,  
perovskite-like structure, with space group Pmmm, (eg Jorgensen et al. 1987 
and McIntyre et al. 1988). The main features of the structure are two nearly- 
s q u a r e - p l a n a r  C u - 0 2 layers, separated by the Re34' ion, weakly bonded 
through Cu-O-Cu bonds to one-dimensional Cu-O chains, see figure 1.3. The 
charge carriers involved in the superconductivity are generally believed to 
be holes in the C u - 0 2 planes whose concentra tion  is governed by the 
concentration of  oxygen vacancies in the Cu-O chains. The variation of this
structure with the different sized rare-earth ions has been systematically 
examined and the lattice parameters and interionic distances have been 
found to vary linearly with the ionic radius, see figure 1.4 (e g Guillaume et 
al. 1993).
1.5 T h e  a n o m a l o u s  b e h a v i o u r  o f  P r B a 2C u 30  7.s ,
In contrast to the other rare earths the substitution of Pr for Y in 
Y B a 2C u j 0 7.8 suppresses Tc while maintaining the same crystal structure.
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Figure 1.3: The unit cell o f  the orthorhombic ReBa2C u 30 7. 8> where Re is a
ra re -e a r th  e lem en t .
ion ic  radius (A)
F ig u re  1.4: The Lattice parameters a, b and c/3 o f  ReBa2C u , 0 7 versus the 
radius o f  the trivalent Re ions, (see figure 3, Guillaume et al. 1993).
Studies of  Y , .xP r xB a 2C u 30 7.g have shown that Tc decreases monotonically with 
x, with superconductivity completely destroyed between x = 0.5 and 0.6, see 
figure 1.5 (Soderholm et al. 1988, Liang et al. 1987, Neumeier and Maple. 1992). 
A ddit ionally  a u n iq u e  trans i t ion  from a m e ta l l ic  to a sem iconducting  
behaviour of  the normal state resistivity is observed at x « 0.4 (Dalichaouch et 
al. 1988). As well as its non-superconducting nature, PrBa2C u 30 7_g differs 
significantly from the  other ReB a2C u 30 7.g materials in that the Pr moments
are believed to order  antiferromagnetically at - 1 7 K ,  a factor o f  ten higher 
than expected based on RKKY scaling o f  TN from the other ReBa2C u 30 7_g
compounds, (Li et al. 1989 and Kebede et al. 1989).
This anomalous behaviour has lead to a large amount o f  research into 
P r B a 2C u 30 7_5 with the goal o f  identifying and understanding the reason for its
non-metallic  nature, and the absence o f  superconductiv ity .  Identifying the 
correct mechanism m ight also help in the general understanding of high-Tc
superconductiv ity .  In spite o f  this w ide in te res t  the mechanism for the 
suppression o f  superconductivity  remains unresolved. Two basically different 
mechanisms have been proposed to account for the behaviour o f  PrBa2C u 30 7.g.
One attributes the behaviour to a Pr valence s ta te  greater than +3 which 
results in the filling o f  holes in the C u 0 2 conduction band, commonly known
to as ‘hole filling’ and the second argues that Pr is primarily +3, so no hole 
f i l l ing  o cc u rs ,  and the absence  o f  su p e rc o n d u c t iv i ty  is based upon  
hybridization effects between the Pr 4 f  electrons and the C u 0 2 conduc tion
e l e c t r o n s .
1 . 5 .1  T h e  h o l e  f i l l i n g  m e c h a n i s m .
The hole-fill ing mechanism is based upon a valence state for Pr greater 
than the one which occurs for the rare-earths (+3) in the superconducting 
members o f  the R eB a2C u 30 7_g series. A valence state greater than +3 would
explain  the lack o f  superconductiv ity  and the sem iconductor  nature o f
13
Figure 1.5: The phase diagram for ( Y | . l P I ) B a 2 C u 30 7.s . T N, corresponds to
antiferromagnetic  o rd e r in g  of the Cu moments within the  Cu-O planes as 
determined by zero-f ie ld  pSR measurements. T N2 is attributed to Pr moment 
ordering, (see figure 3, Cooke et al. 1990).
P r B a 2C u 30 7.8 since the additional electrons contributed by the Pr>3* ions would 
be expected to fill the mobile holes within the C u 0 2 p lanes ,  effec tive ly  
localising the holes on the Pr site (Wood. 1991 and Radousky. 1992). The 
validity of  this mechanism, and the actual valency of  Pr, is a point o f  strong 
debate and has not been fully resolved experimentally.
Experimental evidence of the +4 valence state can be found from studies of 
the superconductors Pr0 5C a 0 5B a 2C u 30 7_8 and Y 1.J,.yC a yP rxB a 2C u 30 7.j ((Norton et
al. 1991 and Neumeier et al. 1989 respectively). It may be argued that the 
presence o f  superconductivity within these materials is due to the C a2* ions, 
which subst i tu te  on the rare-earth  ion site, thereby introducing additional 
holes in the C u 0 2 planes which compensates for the hole-filling from the Pr4* 
ions. The fact that Pr0 5C a 0 5B a 2C u 30 7.8 is superconducting with T c « 35K,
whereas Pr0 5Y 0 5B a 2C u 30 7_8 is only superconducting at Tc -  OK, may indicate
th a t  h o le  f i l l in g  is an im p o r ta n t  f a c to r  in the  s u p p re s s io n  o f
superconductiv ity  within PrBa2C u 30 7_5.
Additional experimental evidence, presented in support o f  the valence of 
+4, o r  a ‘m ix e d ’ va lency  s ta te  cam e from  m agne t ic  su sc ep t ib i l i ty
measurements, (Dalichaouch et al. 1988 and Kebede et al. 1989). Analysis of the 
data yielded an effective moment, p.eff -  2 .7pB per Pr ion by using a Curie-Weiss
rela tionship  to describe the behaviour o f  the magnetic susceptib ili ty  with 
temperature. Comparison with the effec tive moments for P r3* and Pr4* free 
ions, 3.58 p B and 2.54 p B respectively, suggested a mixed valence state for the Pr
ion with an average valence of  « 3.9. However it has been strongly counter- 
argued that this behaviour is in fact entirely consistent with the presence of 
solely Pr3* ions, (Boolhroyd et al. 1993, Soderholm and Goodman. 1989). The 
basic assumption of  the susceptibility measurements, that the Pr ions behave
as free ions, can only be made when the electron spins do not interact and
when the re  are no low -ly ing  exc i ted  c ry s ta l  f ield  s ta tes  which are
s ig n i f ic a n t ly  populated .  Several o the r  ex a m p le s  o f  a non -free - ion - l ike
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behaviour of  P r ,+ can also be found. For example susceptibility studies of
P r S c O ,  and BaPrOj, in which the valence state of Pr is known to be +3,
produced similarly low values for p etf. The small p eff found in PrBa2C u 30 7.8 may 
be due to crystal-field effects, or alternatively the result of hybridization of
the Pr 4f electrons with the planar CuO, conduction electrons. It is believed 
that all the susceptibility measurements upon PrBa2C u 30 7.8, can be understood 
in terms of  crystal-field  theory for a Pr3+ ion, (Boothroyd et al. 1993,
Soderholm et al. 1991). In reality the valence state cannot be solely evaluated
from susceptib ili ty  measurements alone.
Structural evidence for the valence state falls heavily in favour of a +3 
valency state. Many structural studies (see for example Lopez-Morales et al. 
1990 and Neumeier et al. 1989) have shown that a Pr3+ ion is compatible with 
the linear relationships found to describe accurately the behaviour of the
lattice parameters and various bond distances with the varying rare-earth- 
ion radii, within ReBa2C u 30  7_8. In contrast to the majority of the structural
studies some works report that a ‘mixed’ valence state Pr ion describes the 
structural properties more accurately. Neumeier et al. 1990 reported that the 
separation of the CuO, planes indicates that Pr ions have an intermediate
valence of - 3 .3 .
Similarly, no conclusive case can be drawn on the valence state from NMR 
m easurem ents .  Conflic ting  claims of the degree  and importance of hole 
filling in the suppression of superconductivity are made by various groups 
(Reyes et al. 1991, 1990 and Han et al. 1991).
Photoem ission  studies of Y, _ ,P rxB a 2C u 30  7.8 have suggested that the Pr
valence is close to +3 and that the Pr 4f spectral line has a complex shape
which implies extensive hybridization between the 4f electrons and the C u 0 2
conduction band, (Kang et al. 1989).
The results from more conventional and direct techniques for determining 
the valency of  an ion support the argum ent o f  a +3 valence state .
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Investigations using electron energy-loss spectroscopy, EELS, have shown 
that the low energy-loss spectrum for  PrBa2C u 30 7.8 closely matches the 
equivalent spectrum for YBa2C u 30 7.8 which leads to the conclusion that the 
valence states of Y and Pr are very similar, (Fink et al. 1990). X-ray absorption 
measurements, XANES, have also found no evidence of a +4 valence state, 
(Soderholm and Goodman. 1989). The Lm absorption edge for Pr in P rB a,C u30 7.5
is located closely to the position of a standard Pr3+ absorption edge and no 
evidence was found of either a shift to higher energies, as would be expected 
for a higher valence state, nor any splitting of the absorption peak which 
would occur if a 'mixed' valence Pr ion was present.
1 . 5 . 2  T h e  h y b r i d i z a t i o n  m e c h a n i s m .
An alternative model to explain the  absence of  superconductiv ity  in 
P r B a 2C u 30 7.6 is based upon the more traditional magnetic pair-breaking
mechanism, first proposed by Abrikosov and Gor’kov. 1961, (Peng et al. 1989). 
In conventional superconductors the presence of magnetic ions is usually 
incompatible with the superconducting state. In contrast superconductivity  
in the ReBa2C u 30  7.8 series is generally unaffected by the presence of the
magnetic rare-earth ions. This is believed to be due to the complete isolation 
of the electrons in the C u 0 2 planes from the magnetic ions. The exception to 
this is PrBa2C u 30 7.8 where it is proposed that the 4f electrons hybridize with 
those from the C u 0 2 plane. The unique behaviour of the Pr member is not 
completely surprising as Pr is located to the far left of the lanthanide series 
and therefore the Pr 4f wave functions are expected to be more spatially 
extended than in the other lanthanides. It is speculated that the effect of this 
hybridization of electrons provides a mechanism that causes a localisation of 
the conducting holes within the C u 0 2 planes resulting in the loss of the 
metallic and hence the superconducting properties, (Torrance and Metzger. 
1989). Electron band calculations confirm that hybridization would be much
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stronger in PrB a2C u 30  7_8 than in other ReBa-,C u 30  7_8 com pounds and 
consequently the spin splittings of the important CuO-, conduction bands near
the Fermi surface are up to ten times larger in the Pr compound, (Guo and 
Temmerman. 1990 and Goodman and Soderholm. 1990).
Evidence of a pair-breaking mechanism comes from the behaviour of the 
transition temperature, Tc, with varying Pr concentration in Yi_xP r xB a , C u 30 7.8 
(Peng et al. 1989 and Maple et al. 1989). The depression of  Tc with the 
introduction of the Pr magnetic impurities may be modelled well using a 
co n v e n t io n a l  p a i r -b reak ing  app roach ,  (A br ikosov  and G o r ’kov. 1961). 
Additionally , the pressure dependence o f  Tc in Y , .xP r xB a 2C u 30 7.8 differs 
markedly from that in YBa2C u 30 7.8 and has also been described well using a 
pair-breaking approach, (Neumeier et al. 1988).
Inelastic neutron studies have also provided evidence o f  hybridization, 
(Boothroyd et al. 1991, 1993, Soderholm et al. 1990, 1991 and Jostarndt et al. 
1992). The sharp, w ell-defined c ry s ta l- f ie ld  transitions in the inelastic 
neutron scattering spectra, expected for localised Pr states and measured for 
other R e B a2C u 30 7.5 compounds, have not been observed. In contrast the 
P r B a 2C u 30 7.5 spectra exhibit only broadened transitions. This broadening is
attributed to the significant interaction of the 4f  states of Pr with the planar
C u 0 2 conduction electrons.
In comparison with the other ReBa2C u 30 7_8 members, where the highest
antiferromagnetic ordering temperature observed for the rare earths is for
Gd, with T n » 2.3K, the ordering temperature of Pr, TN -  17K, is two orders of 
magnitude higher than that expected from a scaling of T N for Gd by the 
respective de Gennes factor, (see section 1.6). The anomalously high value of 
T n in the Pr system, in the absence of conduction electrons to mediate the 
RICKY interaction, can be explained by a considerable hybridization of the 4f 
e lec trons  w ith in  the C u 0 2 planes, which may provide an effective 
superexchange interaction between the Pr ions. In contrast, the G d '*  ions do
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not experience such exchange due to the local nature of the ir  4f moments, 
(Wortmann and Felner. 1990). This idea is further strengthened  by the 
behaviour of T N with oxygen concentration in PrBa2C u 30 7.5 (Felner et al. 1989 
and Kebede et al. 1991) where TN is found to decrease below 10K, as oxygen is 
removed, in contrast to the independence of TN to oxygen concentration for 
the other rare-earths members.
Additional evidence supporting this mechanism for the suppression of 
superconductiv ity  can also be found from the behaviour of the Pauli 
susceptibility with Pr concentration and the behaviour of the upper critical 
fields in Y ^Pr^B ajC ujO -j .g  (Peng et al. 1989).
1. 6 T h e  ma g n e t i c  proper t i e s  o f  R e B a 2C u 30  7.5,
The high transition temperatures of the ReBa2C u 30 7_g, series, and those of 
the other h igh-Tc materials, cannot be explained in a simple way using the
traditional phonon-m ediated  in teraction between the superconducting pairs, 
as invoked by BCS theory. In view of the presence of magnetism in the C u 0 2
planes the possibility  exists that magnetic interactions are responsible for
the creation of  the superconducting pairs. (Note : for a detailed discussion of 
the magnetic properties of the ReBa2C u 30 7.6, series see Markert et al. 1989.)
Two types o f  antiferromagnetic ordering, within the ReBa2C u 30 7.8 series, 
have been observed. The C uJ* ions, of spin = 1/2, have been found to order 
t h r e e - d i m e n s i o n a l l y  at s u r p r i s in g ly  h igh  t e m p e r a t u r e s  in non- 
superconducting, oxygen-deficient samples, with a N6el temperature, T N, that
increases with 6 and can reach -500K at 8 = 1. The systematic appearance of 
lo n g - ra n g e  a n t i f e r r o m a g n e t i c  o r d e r  o f  the  C u ! t  m om ents  as
superconductivity is destroyed supports the hypothesis that a mechanism of 
magnetic origin may be responsible for both phenomena. Similarly, within 
the L a2. s M xC u 0 4.5 series, where M = Ba or Sr, the destruction of
an t i fe r ro m a g n e t ic  order and the appearance of  su p e rconduc t iv i ty  also
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appears to be coupled. Various theoretical models exist, based upon a magnetic 
interaction, ranging from the ‘resonating valence b an d ’ model (Anderson. 
1987), to one which assumes that the holes, on the O site, are paired or 
localised depending on the the degree of order of the Cu spins, (Emery. 1987 
and Hirsch et al. 1987). At much lower temperatures, T < 2.5K, the rare earth 
ions have also been found to order  antiferrom agnetically , for all oxygen 
concentra tions. A full understanding of the interaction responsible for rare- 
earth  o rd e r in g  in this region of  coex is tence  of superconductiv ity  and 
magnetic order , may enable a clearer  picture of  the underlying electronic 
structure to be obtained, which in turn may aid our understanding of high-Tc 
s u p e r c o n d u c t i v i t y .
1 . 6 . 1  T h e  a n t i f e r r o m a g n e t i c  o r d e r i n g  o f  C u .
Various neutron diffraction studies have been performed to investigate the 
appearance o f  Cu spin ordering and have shown a consis ten t behaviour 
across the ReB a2C u 30 7.5, series, (Lynn et at. 1988 and references therein). A 
typical example is the behaviour of YBa2C u 30  7_8, where superconductivity is 
observed up to 8 = 0.6, and at slightly larger values of  8 a n t i fe r ro m a g n e t ic  
ordering of  the planar C u2* ions occurs, with a N6el temperature, TN, that
increases approximately linearly with 8 and reaches -500K at 8 = I, (Burlet et 
al. 1988 and Tranquada et al. 1988). A second magnetic transition has been 
observed, at lower temperatures, which is associated with the ordering of the 
C u !* moments in the Cu-O chains, (Kadowaki et al. 1988). The absence of a 
region o f  overlap  between the two phenom ena, supe rconductiv ity  and 
antiferromagnetic  order, is a common feature of all high-Tc materials. The
high th ree -d im ensional  ordering tem pera tu re  how ever indicates that the 
magnetic  energ ies  are large and tha t s trong tw o-d im ensional  magnetic 
correlations may be expected at even higher temperatures, or higher values 
of 8 and hence possibly into the superconducting regions.
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Single-crystal neutron-diffraction studies have provided a detailed picture 
of the antiferromagnetic order within several of these materials (eg Li et al. 
1988). At the higher transition temperature, TN1, the C u 2 + spins in the C u 0 2
planes order antiferrom agnetically  with the magnetic moments aligned in 
the a - b plane while the Cu2+ ions in the chains remain disordered. The Cu2* 
moments within the C u 0 2 planes are also coupled antiferromagnetically along
the c direction. The disordered state of the Cu moments within the chains may 
possibly be due to weaker coupling caused by the reduced amount o f  oxygen
in these layers. At the lower transition temperature, T N2. the C u 2 + spins
with in  the Cu-O  chains also begin to order an tife rrom agnet ica lly .  At 
tem pera tu res  close to OK the full magnetic  s truc tu re  is a collinear  
antiferromagnetic arrangement o f  spins along the c axis, with the moments 
lying in the a  - b plane, (see figure 1.6). At intermediate temperatures, 0 < T < 
T N2, a non-collinear spin structure exists, deduced from the the temperature
dependence of  several magnetic diffraction peaks (see figure 1.7), due to the 
com petition between the two different stacking arrangements. The precise
values for T N, and TN2 are found to be highly sensitive to the oxygen
c o n c e n t r a t i o n .
A full study of the Cu ordering as function of 8 has not been made for the 
n o n -su p e rc o n d u c to r  P rB a2C u 30  7.8. In one previous investigation, on crystals 
of P rB a2C u 30  7.8 that had been exposed to d iffe rent oxygen treatments, 
differences were found from the typical ReBa2C u 30 7.8 behaviour, (Rosov et al.
1992). The ordering of the planar Cu ions was found to be insensitive to 8, and 
T n remained -370K  for all 8. By contrast the ordering along the chains was
found to vary strongly with 8 and fell from TN -370K at 8 = 0 to TN -160K for 8 =«
0.6. Additionally the spins of the Cu ions within the chains were found to have 
a spin component out of the basal plane, (see figure 1.6).
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F ig u re  1.7: The temperature dependence of the intensities o f  the (1/2, 1/2,
3/2) and the (1/2, 1/2, 2) magnetic Bragg reflections, for a NdBa2C u , O fti5 
crystal, (see figure 5b, Li et al. 1990).
1 . 6 . 2  T h e  a n t i f e r r o m a g n e t i c  o r d e r i n g  o f  t h e  R e 3* i o n s .
S p e c i f ic  heat m e asu rem en ts p rov ided the first ev idence  of the
an t i fe r ro m ag n e t ic o rder ing  of the R e3* ions. below the relatively low
temperature of 2.5K, (Lee et al. 1988, Maple . 1987 and Ramerez. 1987). The
measured ordering temperatures fall within the range of 0. 17K, T n for Ho, and
2.25K, T n for Gd (see figure 1.8). Neutron diffraction is a more direct
technique for probing magnetic structures and has confirmed the existence 
of antiferromagnetic order in several of the ReBa2C u 30 7.5 compounds and
allowed the magnetic structures to be accurately determined, (for example 
Paul et al. 1988 and Goldman et al. 1987). The alignment of the rare-earth 
magnetic moments is found to differ between compounds, as is common for 
many ra re -ea r th  m ater ia ls  due to the magnetic an iso tropy  from the 
crysta lline electric field at the rare-earth site. In N dB a2C u 30  7.g the Nd
magnetic moments are found to lie along the c axis, (Yang et al. 1989) while 
for ErB a2C u 30  7.g the Er moments are aligned within the a  - b plane, (Lynn et
al. 1987 and Maletta et al. 1990).
F u rthe r  spec if ic -hea t  m easurem ents  on oxygen-defic ien t  samples have 
revealed that the magnetic ordering is strongly dependent on the oxygen 
concentra tion  although the actual effect differs widely from compound to 
com pound .  In N d B a2C u 30 7_8 the increase in 8 from 0.1 to 0.5, destroys 
superconductivity, and increases the ordering temperature from 0.5K to 1.5K, 
(Maple et al. 1988). In contrast with this behaviour an equivalent change in 5, 
for D yBa2C u 30 7.g, appears to destroy the long range antiferromagnetic order,
(Lee et al. 1988).
The behaviour of C(T) for several of the DyBa2C u 30 7.g compounds has been 
accura te ly  m odelled  in terms of  an t iferrom agnetic  tw o-d im ensional  and 
three-dimensional Ising models, (Simizi et al. 1987, Van de Berg et al. 1987 and 
Zhu et at. 1988). This analysis predicts weaker exchange interactions in the c 
direction than the a - b plane, as expected due to the much larger ionic
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F ig u re  1.8: The magnetic ordering temperature T M vs. Re for ReBa2C u 30 7.6 
compounds with Re = Nd, Sm, Gd, Dy, Ho, ER and Yb. The solid line represents 
the values of T M expected from a scaling of  T M for Re = Gd by the de Gennes 
factor (gj - 1)2J(J+1), where gj is the Land£ g-factor and J is the total angular 
momentum of the Re3* ion Hund's rules ground state, (see figure 8, Maple et
al. 1987).
separation of the Re3* ions in the c direction, and also, surprisingly, strong 
anisotropic exchange interactions within the a - b planes. As the Re3* ions 
are positioned midway between two approximately planar C u 0 2 layers where 
the orthorhombic distortion from the tetragonal limit is small, the exchange
interactions within the a - b plane would be expected to be similar in both 
the a and b directions. One possible source of this anisotropy is the Cu-O
chains which lie in the b direction. Although they are too far from the Re3* 
ions to produce strong anisotropic exchange interactions they appear to play 
a strong role in the ordering due to the dependence of TN on 5.
In com m on with other properties, the magnetic ordering of Pr3* also
behaves differently to that of the other rare earths of the ReBa2C u 30 7.5 series. 
S p ec i f ic -h ea t  m easurem ents  and pow der neu tron-d iffrac tion  studies have 
shown the magnetic ordering temperature of Pr to be -17K, see figure 1.9 (Li 
et al. 1989 and Kebede et al. 1989). This ordering temperature is two orders of 
magnitude higher than would be expected if one scaled T N for the other rare 
earths ,  a s su m in g  a purely d ipo la r  or RKKY exchange . The ordering 
temperature of 17K cannot be definitely assigned to the Pr ions from data
from sole ly  these two techniques alone and the possibility remains that the 
ordering may be associated with the Cu ions within the chains. However 
results from M ossbauer spectroscopy of  Pr0 93G d 0 07B a 2C u 3O 7.6 support the 
assumption that the ordering is associated with the Pr sublattice, (Wortmann 
and Felner. 1990). Several studies have been made of Y , .xP r xB a 2C u 30 7.6 to
examined the effect of Pr concentration on the ordering temperature, (Cooke
et al. 1987, Ghamaty et al. 1991). These have shown that TN decreases steadily
with decreasing x, and at x = 0.3 TN falls to near IK. Little experimental work
on P rB a2C u 30 7.6 has been performed to determine the effect of oxygen
concentra tion  on the Pr ordering temperature, although specific-heat studies 
of the oxygen deficient PrBa2C u 3O s have shown TN has decreased to 10.5K,
(Kebede et at. 1991).
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F ig u re  1.9: a) Measurements of the specific heat at low temperatures for 
P r B a 2C u 30 7 showing the magnetic transition at TN = I7K, b) Measurements of
the m agnetic  su sc ep t ib i l i ty  x (T )  (in m em u/m ole)  and the tem perature 
derivative dy/dT for PrBa2C u 30 7,(see figure 3, Li et al. 1989).
CHAPTER TWO
THE THEORY OF NEUTRON SCATTERING.
2 . 1  I n t r o d u c t i o n .
Neutron scattering has developed into a versatile tool in the study of 
physical and chemical properties of materials across the spectrum of  the 
sciences, from molecular biology to engineering. In the particular realm of
m agnetism , neutron scatter ing  is an inva luable  te chn ique  fo r  studies 
ranging from magnetic ordering to magnetic excitations.
Due to its zero charge the neutron experiences no coulomb repulsion from 
atomic nuclei and is able to penetrate deep within a material with little 
attenuation, except for the few elements, such as gadolinium, which have a 
high absorption cross section. In the majority of cases therefore the neutron 
probes the bulk properties. Since thermal neutrons have a wavelength of  the 
o rder  o f  in te ra tom ic d istances (1 - 3A), in te rfe rence  effects  between
scatter ing  from individual nuclei leads to information on the nuclear and 
magnetic structure of crystals. Additionally  with energies of 10 - lOOmeV 
neutrons are an important probe in the investigation of  thermal excitations
with in  crysta ls .
Of special interest to this study is the unique probe neutron scattering 
provides in the investigation o f  magnetic properties. The neutron has a 
magnetic moment ( | in = -1.043 Bohr magnetons) and interacts, via a dipole -
dipole in teraction, with the m agnetic  moments of the unpaired electrons
within the material.  This reveals information about the magnetic properties 
on a microscopic scale including the arrangement of atomic spins and the 
e lec tron  spin-density  d is tribution .
The theory of neutron scattering is extensive and it is not the aim of this 
thesis to provide a complete theoretical discussion of this technique. A more
rigourous treatment of the theory can be found in the revelant texts (Bacon. 
1975, Lovesey. 1986, Squires. 1976 and Williams. 1988). Within this chapter a 
concise account of the theory revelant to this study will be presented. 
Initially the nuclear and magnetic elastic scattering o f  unpolarised neutrons 
will be described and subsequently the determination of the magnetic order 
within a single crystal. This will then be extended to the polarised neutron 
case and its applica tion  to m agnetisa tion-density  studies and polarised-  
neu tron  re f lec tiv i ty .
2 . 2  T h e  n e u t r o n  s c a t t e r i n g  e x p e r i m e n t .
A typical neutron scattering experiment may be described by the geometry 
shown in figure 2.1. A monochromatic beam of neutrons, with wave vector k 
and energy e, strikes the sample and is scattered. In the scattering process the 
momentum o f  the neutron changes and the wave vector becomes k' .  In 
general the physically measured quantity can be described as the partial 
differentia l cross section,
d^o _ (number of neutrons of energy e —► e+8e, scattered
per sec into a solid angle dfl )/<t> (2.1)
where 5e is the change in energy of the neutron and d> is the incident flux of 
n e u t r o n s .  Often no energy is transferred in the scattering event and only the 
total number of neutrons scattered in a solid angle dil  is important. The cross 
section for this elastic scattering is known as the differential cross section,
do__ (number of neutrons scattered per sec
into a solid angle dfl )/<b (2.2)
2 . 3  N u c l e a r  e l a s t i c  s c a t t e r i n g .
Intially we can consider the elastic scattering of neutrons by a general 
group of  particles ,  neglecting  the in teraction  of the neutron with the
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F ig u re  2.1: The geometry of  the neutron scattering experiment.
nuclear spin. A neutron o f  wave vector k and of  energy E = fi2k 2/ 2 m ,
represented  by the wave function vF k, interacts with the scattering system 
and is scattered, changing its wave vector to k ’ and wave function to 4, k.. As 
the scattering event is elastic the neutron retains the same energy and hence 
Ik I = Ik * I = k. The probability of a transition from the wave vector slate k to k ’ 
is given by Fermi's Golden Rule
where VN is the nuclear interaction potential and p k.(E) is the density of the 
final scattering states. It may be shown (Lovesey. 1986) that the differential 
cross section can be represented by
where f(ic) is the scattering amplitude and K = k - k ' ,  the change in wave 
vector. Due to the fact that the neutron - nucleus interaction occurs over a 
very sho r t  range com pared  to the wavelength  o f  the neutron, X,  the 
scattering is assumed to be isotropic. The scattering amplitude can therefore 
be described by a constant b, the scattering length, independent of scattering 
d irection. The scattering length does not vary systematically  with Z but is 
highly dependent on the atomic type, isotope and relative neutron - nuclear 
spin o r ien ta t ions .
J a .  = | b |2
d il  (2.5)
If we now consider an ordered array of nuclei, with position vectors R , and 
scattering lengths b,, it can be shown, using the Born approximation, that the 
only poss ib le  form of in te raction  potential which can produce isotropic 
scattering is a delta function. By defining the interaction potential as.
2
(2ti/h)
(2.3)
(2.4)
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V N = (2i th' /m) b 5 ( r - R) (2 .6 )
the matrix element is therefore
= b exp (iK • R|) (2.7)
and the differential cross section per atom becomes.
= | ex p [ i K * ( R r Rj.)] bjbj.
( 2 . 8)
This may be written as a sum of two parts, an incoherent scattering term and 
a coherent scattering term,
The incoherent term describes scattering which is completely isotropic and 
reveals no structural information, assuming a rigid lattice. This results in a 
constant background beneath the coherent cross section (Note: For a real 
lattice a D ebye-W aller  factor must be introduced to account for thermal 
motion of the atoms.).
where N is the total number of nuclei. The coherent term arises from the 
interference effects between the neutrons scattered from each nuclei.
The coherent scattering is highly anisotropic and only occurs for special 
orientations, where k - k '  = T a reciprocal lattice vector, (see figure 2.2). As K 
moves away from the reciprocal lattice vector the terms fall rapidly out of 
phase and the cross section rapidly becomes negligible. For a large crystal 
the differential cross section may be written as (Lovesey. 1986),
coherent (2.9)
( -dSL j = n | b - b
incoherent ( 2 . 10)
( 2 . 11)
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F igure 2.2: A reciprocal space representation of the condition for Bragg
reflection from a crystalline lattice.
coherent
X  8 (K - T) |Fn(K)|2
( 2. 12)
where FN(K )  is the nuclear unit-cell structure factor and o 0 is the volume of
the unit cell. This geometric condition is known as the Bragg condition and is 
satisfied by the familiar Bragg equation (Bacon. 1976), nX = 2 dhk, sin0, where 
2 d hkl is the crystal plane separation. From the measurement of the nuclear 
sca tte r ing  c ro ss  section  IFN(K )I  can be found which may be Fourier 
transformed, if  the phases are known, or fitted to determine the nuclear 
structure of the unit cell.
Experim entally  a 5 function is not realised and the Bragg peaks have a 
finite width due to the instrument resolution and mosaic spread within the 
crystal. This problem is solved by measuring the intensity across the full 
angularly broadened peak. The most com mon method for measuring the 
integated intensity is the omega scan. The detector is fixed at twice the Bragg 
angle from the incident beam and the sample is rotated through the Bragg 
position about the axis perpendicular to the plane containing the incident 
and diffracted beams. The peak intensity is given by.
I = F a  da)
(2.13)
where <J> is the incident neutron flux on the sample, a  the total cross section 
for the Bragg condition and dco is the change in angular position of the 
sample. It can be shown that the intensity becomes.
1 = <d / v
u* I s in20
|Fn(x)|
(2.14)
where V is the volume of the crystal, V = N u0. In real crystals the situation is 
not as simple as described in this approach as the intensity is altered due to 
extinction and absorption effects, effects which are here neglected.
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2 . 4  M a g n e t i c  e l a s t i c  s c a t t e r i n g .
If we now take into account the spin state of the neutron, the interaction 
between the neutron dipole moment p n and the localised atomic moment 
produced by unpaired electrons will result in additional scattering, known as 
magnetic scattering. For the interaction of a neutron with a field B , produced 
by a single moving electron the magnetic interaction potentia l may be 
expressed as.
where ct is the Pauli spin operator for the neutron, y is the gyromagnetic 
ratio, y=-1.913, and p N is the nuclear magneton. If we assume that the localised 
atomic moment arises solely from the electron spin, neglecting the orbital 
component, the potentia l,  in terms of  the distance R from the electron, 
b ec o m e s .
where s is the electron spin operator and p B is the Bohr magneton. This 
potential represents a classical dipole-dipole interaction between moments. It 
has been shown (Squires. 1976) by defining an interaction vector Q ,  at an 
arbitary angle to the scattering vector K where
where r, is the position of the electron, r0 the c lass ica l  electron radius 
m ult ip lied  by y and Q x is the co m ponen t  of the in te rac t ion  operator  
perpendicular to K , (see figure 2.3). An important implication of this is that 
only the magnetic component perpendicular to the scattering vector gives 
rise to scattering, ie if the atomic moment lies parallel to the scattering vector
(2.15)
(2.16)
Q = Z  s i e x P(iK  • r ;)
i electrons
that (2.17)
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Figu re  2.3: The geometric relationship between Q ,  Q± and K.
n o  m a g n e t i c  s c a t t e r i n g  o c c u r s .  T h e  i n t e r a c t i o n  v e c t o r  Q  c a n  a l s o  be  d e f i n e d
as,
Q = -L  M ( r )  exp (ik • r)  dr 
Fb IB (2.18)
where M ( r )  is a magnetisation-density operator. Hence Qx and  therefore the 
differentia l cross section is proportional to the Fourier transform of the 
magnetisation density. This is expected as the field with which the neutron 
interacts depends on the resultant atomic magnetisation.
Following a similar procedure to that for nuclear scattering for an ordered 
array of  nuclei, the matrix element may be written as.
By comparing this to the matrix element for nuclear scattering (equation 2.7) 
a magnetic scattering length p can be defined as.
where < s ' > is the average neutron spin vector and q is the unit vector in the 
direction of the atomic spin. In contrast to the nuclear scattering situation, 
the dimensions of the electron cloud, responsible for the magnetic scattering, 
are of the same order as the neutron wavelength. To account for this spatial 
d is t r ibu t ion  a m agnetic  form factor  fm, the Fourier transform  of the
magnetisation density of a single atom, needs to be added to the differential 
cross section.
A general form of the magnetic differential cross section, for a large 
crystal can be written as.
where a  , p are the cartesian directions and <s“> is the average component in 
the direction a  of nuclei i.
(2.19)
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So far the derivation  to the cross sections has been sim plif ied  by 
considering a rigid lattice. In practice thermal vibrations exist in the lattice 
and the cross sections are modified by a temperature dependent factor, the 
D ebye-W aller  factor.
2 .5  S c a t t e r i n g  f r o m  m a g n e t i c a l l y  o r d e r e d  c r y s t a l s .
A ferromagnetic crystal,  in the absence of  an applied magnetic field, will 
consist o f  small domains of oriented moments. Averaging over all the domains 
the magnetic cross section becomes (Lovesey. 1986),
(¡S') = 4  N HT" £ 8 (K -T) lfM(K)l2 °Lt <M*
'  d a  '  coherent 3 * (2 .2 2 )
where <sn> is the average spin perpendicular to the scattering vector and Ghk| 
is a geometric structure factor (Note: In the nuclear cross section the nuclear 
structure factor can be written as FN(K )  = b G,^, ). The cross section may also 
be represented in terms of  the magnetic structure factor, FM( K ) .
By com paring the nuclear and magnetic cross sections, equations (2.12) 
and (2.22), strong differences are apparent, (Note: the factor o f  1/3 is a result 
o f  averag ing  over the magnetic domains). Firstly the magnetic structure 
factor is temperature dependent due to the its proportionality to <sn>. As the 
te m p era tu re  is inc reased  and the Curie  o rder ing  tem pera tu re ,  T c, is
approached < sn> , and therefore the magnetic cross section, fall away to zero. 
In contrast the nuclear cross section is not temperature dependent if  the 
Debye-W aller factor is neglected. Secondly the magnetic form factor falls off 
strongly with  increasing wave vector transfer (see figure 2.4) and hence 
h i g h - T  ref lections are greatly reduced in intensity. Additionally it can be 
seen that the nuclear and magnetic Bragg peaks appear at the same position
3
coherent (2.23)
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in reciprocal space due to  the equivalence of the nuclear and magnetic unit 
cells. The separation of  the magnetic and nuclear components from the full 
scattered intensity can be best achieved using polarised neutrons and will be 
discussed shortly.
For an antiferromagnetic crystal the same general arguments apply to the 
magnetic cross section as in the ferromagnetic case. In an antiferromagnet 
the average spin, <sn>, over  a domain will be zero, forcing the magnetic cross 
section  also  to be ze ro .  If we restr ic t  our  d iscussion  to a simple 
a n t i f e r ro m a g n e t  with sp in s  ly ing pa ra l le l  or a n t i -p a ra l le l  to one 
crysta llographic d irection  we can avoid the implications of  <sn> = 0 by 
defining a sublattice of parallel spins and <sn> as the average spin within that 
sublattice. The magnetic unit  cell of the crystal is defined as the unit cell of 
this sublattice and therefore the magnetic and nuclear unit cells are often 
not the same and hence the magnetic peaks occur at different positions in 
reciprocal space.
2 . 6  S c a t t e r i n g  o f  p o l a r i s e d  n e u t r o n s .
So far we have only dealt with the momentum state of the neutron 
neglecting its spin state by assuming a random orientation of  spins. If the 
initial and final spin s ta tes  are known additional information on the 
scattering process may be found. The use of polarised neutrons, neutrons of 
known initial spin s tate , is highly important in the study of magnetic 
scattering, especially in the  area of magnetisation-density studies.
The spin state of a neutron can be defined, relative to a direction known as 
the polarisation direction, as (-t-) for the ‘spin up' state and (-) for the ‘spin 
down’ state. The polarisation of a neutron beam can be defined as twice the 
average value of the neutron spin, P = 2<s>. Within the scattering process the 
spin state may change and hence four cross sections may be measured 
corresponding to the transitions,
(+) -> (+), (+) -> (-), (-) (+), (-) -» (-). (2.24)
The transitions involving no change of  spin state, ie (+) -» (+) and (-) -» (-), 
are com m only known as non-spin-flip  transitions and those involving a 
change in spin state, ie (+) -> (-) and (-) -> (+), as spin-flip transitions. The 
four spin-dependent cross sections are related to the cross section for an 
unpolarised beam by,
d~q 
d ii  dE unpolansed
= l  
2
d2o 
dii dE
d2q  
dii d E '
d2o 
'd i i  dE
d2q 
dii  dE «-J (2.25)
The factor of 1/2 arises from the fact that the initial neutron spins occur with 
equal probability in the (+) and (-) spin states.
To take into account the spin state of the neutron the partial differential 
cross section must be written as.
d2q 
dii dE
X( k ' a ' |  v |  ko) d (Ek - Ek. + hoi )
(2.26)
w here  a  and a ' are the initial and  final spin states of the neutron
defined as.
P and
as (Williams. 1988),
>rm of the interaction potential, V, can be
V = (j +• a  • S (2.27)
to the scattering system and ci is the Pauli
scattering amplitudes can therefore be written
= p + S z (2.28a)
u__ = p - (2.28b)
= s x + i a y (2.28c)
= • ' “ y (2.28d)
32
where ctz is the component of a  in the polarisation direction, defined as the z 
d i r e c t io n .
In the case of nuclear coherent scattering the interaction potential is.
where I is the operator  describing the spin angular  momentum of the 
nucleus. If we assume the nuclear spins are randomly orientated U+ . and U. +
both become zero and hence the coherent nuclear scattering is non-spin-flip 
s c a t t e  ri n g .
Incoherent nuclear scattering due to isotopic disorder is also non-spin-flip 
scatter ing . In contrast,  incoherent spin d iso rd e r  scatter ing  contains  both 
spin-flip and non-spin-flip scattering terms in the cross section, due to the 
the com ponents  o f  the nuclear spin para lle l  and perpendicu lar  to the 
po larisa t ion  direction  respectively.
The interaction potential for purely magnetic scattering has the form.
For the com ponents  of spin parallel to the polarisation  d irec tion  the 
scattering is non-spin-flip. However for the other components perpendicular 
to this direction the spin states will change and hence will be spin-flip 
scatter ing . This is true for all forms o f  magnetic scattering, coherent, 
incoherent, elastic and inelastic. The use of  polarised neutrons thus provides 
a way o f  separa ting  the param agne tic  sca t te r ing  from o ther  diffuse 
s c a t t e r i n g .
a n d
V N = b exp(iK • R ) 
b = A. + B (I • 3) (2.29b)
(2.29a)
(2.30)
33
2 . 7  P o l a r i s e d - n e u t r o n  s c a t t e r i n g  f r o m  m a g n e t i c a l l y  o r d e r e d  
c r y s t a l s .
In the treatm ent of magnetically ordered crystals both the nuclear and 
magnetic scattering need to be considered jointly due to the appearance of a 
nuclear - magnetic interference term in the final cross section.
The total interaction potential for an ordered array of nuclei, the sum of 
the nuclear  potentia l,  VN (equation 2.29) and the magnetic potential,  VM 
(equation 2.30), may be written as,
V,„ul = I  bj exp(iK • R )  - r0 S - Q ,
= X  exp( iK • R j^ A j + a  - (BT - C))
i (2.31)
w h e r e C = ^ ro fM( K ) [ K *  (sjx 1C) ] (2.32)
Using the generalised  approach to the scattering potential (equation 2.27),
assuming. as previously that the nuclear spins are randomly orientated, the
scattering amplitudes may be represented by.
U++ = b -  Cz (2.33a)
U__ = b + Ct (2.33b)
U - .  -  - ( c ,  + iCy) (2.33c)
c ♦ 1 II 1 n X 1 o *< (2.33d)
where b = <A>.
In the particular case of  magnetisation-density measurements, of interest 
in this work, the moments within the crystal are aligned by a magnetic field. 
The d irec tion  of  a l ignm ent T| is a long the polarisation  d irection  and
perpendicular to the scattering vector K . Within the coordinate system used 
the po la r isa t ion  d irec tion  is the z d irec tion  and the re fo re  the spin 
com ponents  are
< sz > = < s > and < s, > = < s y > = 0
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hence the- spin-flip scattering lengths U.+ and U+_ are zero and the scattering 
is due to entirely non-sp in-flip  scatter ing  processes. The spin-dependent 
cross sections can be written as.
( £ )  = N (- ^ i l S ( K - T ) i b 2 + b r 0g f M(K)f) + (r0f f M(K:) >’ )
(£ ■ ) = n (- ^ - I 5( K - T ) j b 2 - b r 0g f M(K)fi) + ( ^ f M(K )M ) 2j
The terms in each cross section are the nuclear, the nuclear - magnetic 
interference and magnetic terms respectively. In a polarised experiment, in 
which the incident beam is fully polarised for each preferred spin state, the 
two cross sections may be measured independently and the ratio o f  the two, 
the flipping ratio R, is given by,
(*> + ro |- fM(K> <s>)2
R — -------------------------------
(*» - ro!-fM(K) (s))2
'  2 '  (2.36)
The flipping ratio may also be expressed in terms of the ratio of the magnetic
and nuclear structure factors, r = FM( K ) /F N(K ) .
R =  ^ 1 ~ r \  -  1 - 4r
( • + r )2 (2.37)
The magnetic scattering is generally small in comparison to the nuclear
scattering. For an unpolarised beam the peak intensity is proportional to b 2( 1 
+ r2) and for a typically weak magnetic scattering amplitude of 0.01b the 
magnetic contribution to the scattered intensity would be 10'4 that of the 
nuclear contribution. In the polarised beam case the additional presence of 
the nuclear  - magnetic in terference term enables these small magnetic
amplitudes to be measured accurately. The same weak scattering amplitude
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will give a flipping ratio of 1.04. An additional benefit of polarised neutrons is 
that the sign o f  the magnetic structure factor may be determined.
By using this ’ technique if the nuclear structure factor, FN( K ) ,  is known 
then the m agnetic  structure factor,  FM( K ) ,  can be found. An important 
appl ica tion  o f  polarised-neutron  d if frac tion  is the de term ination  of the 
magnetic form factors, fM(K ) ,  from which the magnetisation density may be 
deduced. The magnetisation density is related to the magnetic structure factor 
by equation 2.18 and more directly by the relationship
M <r ) = r j-  X  fM(T) exp ( - i t  • r)
uo ' (2.38)
2 . 8  P o l a r i s e d - n e u t r o n  r e f l e c t i v i t y .
Due to the wave nature of neutrons they uphold the general principles of 
optics. By considering  a neutron passing from one medium to another its 
wave vector changes from k ,  to k ,  and we can define the neutron refractive
index at the interface as.
n i 2
(2.39)
If the initial energy is 
between the two media is
E, = h " k l "/2m and the average potential 
<8V> the refractive index becomes.
E. - (6V)1:
2E,
difference
(2.40)
For a neutron entering a magnetic material the average interaction potential 
is the sum o f  the average nuclear and magnetic potentials. The nuclear 
potential is desc r ibed  by the Fermi pseudopotential (equation 2.6). The 
magnetic po ten tia l ,  due to the interaction between the neutron and the 
magnetic field produced by the unpaired electrons, is described by the dipole 
- dipole potential (equation 2.15). Hence the refractive index becomes.
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X2 N t  + jn_ (M . B) 
In  u 2 V n ’ (2.41)
For most materials n < 1 and the material appears optically less dense than a 
vacuum. An important consequence o f  this is that the neutrons can be totally
reflected from the interface if  the incident angle is less than the critical 
angle 9C.
92
n = cos 9,. = 1 —
c 2 (2.42)
Even at angles slightly less than 9 c the reflectiv ity  is sizeable. The common 
use of  this phenomenon is in the development o f  neutron guide tubes but it 
has also been applied to the study o f  su rface  magnetism, a technique 
pioneered by Felcher (Felcher. 1981).
For a th in-f ilm  superconducto r  m agnetised  in an applied  field  the 
magnetic induction B will vary as a function o f  the distance z from the 
surface. I f  we consider the ref lection  o f  po larised  neutrons, where the
neutrons are polarised parallel (+) or anti-parallel (-) to the direction of  the
applied field H ,  from equation 2.41 the depth-dependent refractive index is.
where X is the neutron wavelength, b /v  is the average scattering amplitude 
per unit volume and c = 2 j tn nm / h 2. The measurement o f  the reflectivity in the
region o f  the total reflectiv ity  as a function o f  the incident angle, or
equivalen tly  the neutron wavelength, n(z), is directly  proportional to the 
depth profile  o f  the magnetic induction can be determined. As B(z) is 
averaged over  each plane at a depth  z the ref lec tiv i ty  only contains
information on the average depth profile and not on the lateral magnetic
perturbations expected near the surface.
(2.43)
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CHAPTER THREE
INSTRUMENT AND EXPERIMENTAL TECHNIQUES.
3. 1  M a g n e t i c  o r d e r i n g  in P r B a 2C u 30 7.5.
The magnetic ordering of praseodymium and copper in P rB a ,C u 30 7.5 was 
investigated by neutron diffraction on the triple-axis spectrometers TAS1 and 
TAS3 at the Risp National Laboratory, Denmark. Two separate crystals of 
P r B a 2C u 30 7.5 were studied, a -lOOmg crystal grown by the CuO flux method at
the National Crystal Growth Facility, University of Oxford and a smaller ~60mg 
crystal grown by the same method at the Ris0 National Laboratory. Three 
separate studies, ( -2 8  days), were  carried out on the former crystal and 
between each experim ent the oxygen concen tra t ion  of  the crysta l was 
further increased by heating the crystal at length in an oxygen furnace. This 
enabled  the magnetic  order to be s tud ied  as a function of  oxygen
c o n c e n t r a t i o n .
3 . 1 . 1  T h e  T A S 1  a n d  T A S 3  t r i p l e - a x i s  s p e c t r o m e t e r s .
The TAS1 and TAS3 spectrometers are situated at the DR3 reactor (10MW) at 
Riso National Laboratory. TAS1 is a tr iple-axis spectrometer and TAS3 is a
multi-purpose instrument that can be operated with a number of possible
detector arms. In this study TAS3 was used with an analyser arm in a triple- 
axis spectrometer mode.
The TAS1 instrument lies on a beam tube from the cold source (H2 gas at 
38K). The spectrum  of neutron w avelengths is enhanced  in the long 
wavelength range of 2 < X < 5A producing a maximum neutron flux of 8.7 x 106 
n e m o s ' 1 at the sample at X = 2.44A. A schematic representation of  the
instrument is shown in figure 3.1. The beam is monochromated using the
(002) ref lection  from a py ro ly tic  g raphite  monochrom ator. Four fixed
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neutron beam
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F ig u re  3.1 : A schem atic  p la n  of the  triple-axis spec trom e ter  TAS1.
incident-angle o rien ta tions allow the selection of  one of four different
wavelengths, in the range of 2.44A to 4.77A. The monochromated beam then 
passes through a Soller collimator, with exchangeable collimator plates, to the
sample position. X U  contamination from the monochrom ator is effectively 
removed by beryllium or pyrolytic graphite filters placed in front of the 
sample. A variety o f  cryostats and furnaces may be mounted on the
instrument permitting a large range of accessible environm ent conditions. 
An analyser, a further pyrolytic graphite crystal, is situated between the
sample and the 3He gas detector. The detection process ,  within the 3H e 
detector, involves the absorption of a neutron by a 3He nuclei,
3He + n -» 3H + p + 0.770 MeV
and the detection of  the strong ionisation caused by the high-energy ions
produced. The pre-sample slit size is determined by the  sample size and are 
generally  chosen so that for any measured re f lec t io n  the sam ple is 
completely bathed in the incident beam but not too large to increase the
background unnecessarily. The instrument sits on a se t  of air cushions and 
angles may be set with a precision of better than a hundredth of a degree. The 
control of the detector position, sample orientation and  temperature is fully 
automated and operated from a PDP11 computer.
TAS3 is situated on a beam tube from the thermal source. The neutron flux 
is in equilibrium with the D ,0  moderator and the distribution is peaked at
1.1 A. The maximum flux at the sample position is 7.7 x 106 ncm'2* '1. Just as for 
TAS1 the beam is monochromated by a pyrolytic graphite  monochromator. 
The wavelength may be changed by varying the take-o ff  angle from the
graphite crystal,  which can be varied continuously from  0° to 90° using a 
system of pneum atically  operated shielding wedges. A Soller collim ator 
d irects  the beam to the sample position. The instrum ent geometry, the 
analyser and the detector are equivalent to those of TAS1, when TAS3 is
operated with an analyser arm in the tripie-axis configuration (as shown in
figure 3.1 for TAS1).
3 . 1 . 2  E x p e r i m e n t a l  p r o c e d u r e .
In each study the P rB a ,C u 30 7.6 crystals were wrapped in aluminium foil and 
secured to an aluminium pin using a small screw. The crystals were oriented 
with the (110) direction roughly perpendicular. The sample was then sealed 
inside an alum inium  can under a vacuum. The can was mounted in a
cryorefr igerator  or cryostat depending on the desired sample environment. 
The cryorefrigerator provided stable temperatures within the range of 10K to 
300K. For investigations at lower temperatures, to a base of 1.5K, a bottom­
loading cryostat was used. Neutrons of wavelength 2.44Á and I.9Á were used 
for investigations on TAS1 and TAS3 respectively.
The orientation of the crystal and therefore of the reciprocal lattice with 
respect to the instrument was determined first.  Several strong nuclear Bragg 
reflections were located and these reciprocal lattice positions were used to
def ine  the matrix which rela tes the reciprocal lattice to the laboratory
reference frame. This matrix was refined, by the instrument computer, by
locating further nuclear peaks. The integrated intensities of the nuclear and 
magnetic Bragg peaks were measured by performing either w : 2 6 scans or 
scans along a specific reciprocal lattice direction through each Bragg peak 
position. The range of the scans within reciprocal space was chosen to enable 
the background to be determined accurately.
3 . 1 . 3  C o r r e c t i o n s  to t h e  m e a s u r e d  i n t e n s i t i e s .
The measured intensities for both the nuclear and magnetic reflections are
not directly comparable to each other or to theoretically calculated intensities 
w ithou t several corrections being made, due to geometrical factors and
crystal effects. The corrected intensity I'hk,, for a Bragg reflection, equal to
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the observed squared structure amplitude to within a scale factor that is 
constant for all reflections, may be represented by the measured intensity, 
Ihki, multiplied by various correction factors.
1 hkl = h^kl L A 1 y 1 (3.1)
where L is the Lorentz factor, A is the absorption factor, y is the correction 
factor due to extinction.
The Lorentz factor is a geometrical term which corrects for the d ifferent 
rates at which the individual reciprocal lattice points pass through the Ewald 
sphere. The Lorentz factor for an angular scan about an axis perpendicular to 
the plane of diffraction is L = l/sin26.
The absorption correction for each reflection is dependent on the path  
length of  the neutrons within the crysta l.  The thin nature and the 
orientation of the crystal,  along with the relatively small absorption cross 
sections for the elements in PrBa2C u 30  7_g, mean the absorption effects are 
small and may be neglected.
Diffraction from real crystals is not accurately described by kinematic  
theory. Our theoretical approach in Chapter 2 assumes that there is no 
reduction in the intensity of the beam by scattering and that no further 
scattering of the diffracted beam occurs. The departure from k inem atic  
theory by which intensity is lost from the diffracted beam as the degree of  
perfection within the crystal increases is termed extinction and was firs t  
treated quantitatively by Darwin 1922. It is necessary to modify the measured 
in tens ity  with an ex t inct ion  co rrec tion  factor.  (The phenom enon o f  
extinction is dealt with in more detail shortly.)
An additional consideration is the effect of the thermal vibration of the 
atoms which leads to thermal diffuse scattering which reduces the intensity 
of a Bragg peak due to inelastic scattering processes. This scattering is not 
isotropic across reciprocal space but occurs as broad peaks centred at the
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same positions as the Bragg reflections. Within this study the effect of 
thermal diffuse scattering is assumed to be small and can be neglected due to 
the fact that the measurements were taken near T = OK.
3 . 1 . 4  E x t i n c t i o n .
A major concern in single-crystal diffraction is the problem of extinction. 
(Note: For a more deta iled  examination of extinction phenomena see James 
1982). The scattering from a real crystal is less than predicted by our
theoretical approach w h ich  assumes an ideally  im perfect crystal. A real 
crystal may be considered as a series of domains oriented at slighly different
angles to each other, commonly known as the Darwin mosaic domain model 
(Darwin 1922). The depa r tu re  from theory  may be accounted fo r  by
considering the relative effects on the scattered beam of the two extreme
limits of this model, which are described by processes known as primary and 
secondary  extinction.
Primary extinction concerns  near-perfect crystals or crystals with large 
perfect blocks. Neutrons incident on a crysta l,  at the appropriate Bragg
angle, are strongly re f lec ted .  This strong ref lectiv ity  near the surface
curtails the penetration o f  neutrons deep within each perfect crystal block 
and hence the atomic planes further from the surface, which otherwise
would have reflected, contribute little to the overall reflected intensity (see 
figure 3.2a). These planes are effectively screened from the neutrons by the 
atomic planes nearer the surface of  each block.
Secondary extinction occurs within crystals which can be described as a 
composition of small mosaic blocks. Due to their thin nature the reduction of 
beam intensity through each  mosaic block is relatively small and primary 
extinction is negligible. Com ponents of the neutron beam will be diffracted 
during passage through the crysta l when incident on correctly  oriented
blocks. If the crystal is o f  great enough thickness or the blocks are only
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where both factors may be written in a general form given by
y = (1 + 2x + higher order terms in x )‘I/J (3.4)
w i th
2x = 2 ( t X3 / V2 sin2e ) g Fn (3.5)
where t is mean path length for the reflection, V is the crystal volume, g is an 
ex tinc t ion  param eter  and FN is the nuclear structure factor (Becker and
Coppens 1974).
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3 . 2  P o I a r i $ e d - n e u t r o n d i f f r a c t i o n .
Polarised-neutron diffraction is a valuable tool in the investigation of the
magnetic properties of materials, allowing the separation of  the magnetic 
scattering con tr ibu tion  from other scatter ing  contribu tions Unfortunately
the production of a polarised beam greatly reduces the flux incident on the
sample, approximately by an order of magnitude. Only with the advent of
high-flux reactor sources did polarised-neutron diffraction become a viable 
t e c h n i q u e .
3 . 2 . 1  P r o d u c t i o n  o f  a p o l a r i s e d  b e a m .
Various methods exist for producing a polarised beam and the choice is 
dependent on the type of  instrument and the intended application.
A common method for the production of a monochromated polarised beam 
is the use of  a polarising crystal monochromator. The usual configuration, 
shown in figure 3.3, involves a ferromagnetic crystal within an applied field, 
and o r ien ted  to give a Bragg ref lection .  The applied field, B , lies 
perpendicular to the scattering vector, K, and aligns all the moments within 
this direction. The incident unpolarised beam may be regarded as the sum of 2 
beams, one polarised parallel (+) with respect to B and one anti-parallel (-). 
The spin-dependent cross sections (equations 2.34 and 2.35) for the Bragg 
reflection may be written as,
-  ( FN(T) * FM(T) )
(3.6)
A crystal for which FN(T) = FM(T) will thus give a scattering cross section of 
zero for anti-parallel spins and therefore the reflected beam will only consist 
of neutrons of parallel spin, i.e. producing a polarised beam. In real crystals 
the polarisation will not be complete as a degree of depolarisation will occur
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Figure 3 .3  : The geom etry and principle used for producing polarised
beam s by Bragg reflection.
within the  crys ta l ,  due to m agnetic  inhom ogene i t ie s .  The polaris ing  
efficiency o f  a crystal is defined as.
p = ( N* -  N~ )
( N+ + N- ) (3.7)
where N+ is the number of neutrons in the parallel spin state in the polarised 
b e a m .
Several crystals satisfy the condition IFN( X)l = IFM(T)I, in particular the 
(200) reflection  from Co0 92F e 00g and the (111) reflection from C u 2M n A I  
(Heusler alloy). The choice of  m onochrom ator is a com prom ise  amongst 
intensity, polarising  efficiency, resolution and instrum ental considerations. 
C o 0 92F e 0 08 is a well established and commonly used monochromator but its 
major disadvantage is the high absorption cross section o f  Co and therefore 
thin crystals are usually used as the reflectivity cannot be improved with the 
use of thicker crystals. The effect of absorption is reflected in the relative
flux where the resulting polarised beam is more than a factor of five lower in
flux than the incident unpolarised  beam. A modern developm ent is the 
Heusler alloy which does not suffer the same absorption problems although 
the low take-off angle ( -1 6 .7 ° )  and lower resolution are disadvantageous.
Mirror reflection from a ferromagnetic crystal can be used to polarise a 
polychromatic beam due to the dependence of  the refractive index on the 
neutron spin state (see equation 2.43). Each spin state will have a slightly
different critical angle of reflection and hence in the region of the critical 
angle an angular range exists where neutrons of one spin state are totally 
reflected and those of the other spin state are only weakly reflected. The 
angular range is maximised using a material with a magnetic scattering
amplitude com parable to or la rger  than its nuclear scattering amplitude. 
Additionally the unreflected neutrons must be removed from the beam which 
can be ach ieved  by using absorption  or incoherent scattering processes
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within a substrate layer. An important limitation of polarising mirrors is the 
small ratio of critical-angle to wavelength which can result in loss of solid 
angle. A further development of the polarising mirror uses a multi-layer 
a r r a n g e m e n t  o f  a l te rn a t in g  m agnetic  and non -m agne t ic  layers. The 
th ickness  of  the layers are contro l led  provid ing , through interference 
effects, high reflectivities up to three times the crit ical (0 /A.) values of 
normal mirrors. The first polarising mirror of this type, developed by Mezei
and Dalgleish (1977) and known as a supermirror, was made from alternating
iron and silver layers on a glass substrate.
3 . 2 . 2  C o n t r o l  o f  t h e  p o l a r i s a t i o n  d i r e c t i o n .
The neutron's spin polarisation may be maintained before and after the 
sample with magnetic guide tubes which produce a small uniform field in the
direction of the polarisation . The direction of the polarisation may be
changed using spin-flipping devices, known as spin flippers which fall into
two ca tego rie s ,  ad iaba tic  and non-adiabatic  spin flippers. The flipping 
efficiency, f, is defined as the fraction of both (+) and (-) spins which
undergo spin reversal. The polarisation of the spin-flipped beam, P'. is then,
P' = P ( 1 - 2 f ) (3.8)
In a magnetic field the polarisation will precess around the field direction at 
its L arm or frequency, toL = y lB I .  If the field experienced by the neutron 
varies along its trajectory then changes in the direction of P are possible. If 
the rate o f  change of field is much lower than the Larmor frequency the 
polarisation will follow the field and the component along the field direction 
remains unchanged. This effect is utilised in adiabatic spin flippers where 
radio frequency fields are used to change the polarisation direction by 180°
by dic tat ing the precise number of precessions, I / 2( 2 n + 1), the neutron 
spins undergo . The required  radio frequency for the flipper will be
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dependent on the velocity of the neutron and hence is a suitable spin flipper 
for only a monochromatic beam.
In a non-adiabatic spin flipper the applied field changes sign very rapidly 
with respect to the Larmor frequency so that the polarisation vector remains 
unchanged in the laboratory frame; the spins are in effect flipped with 
respect to the field. The primary benefits of this form of flipper are that they 
can be used to flip white beams because the flipping process is independent 
of the neutron's velocity and they are also efficient flippers for large area 
b e a m s .
3 . 2 . 3  A n a l y s i s  a n d  i n s t r u m e n t a l  c o r r e c t i o n s .
Experimentally  the polarisers and spin flippers are imperfect and have 
eff ic ienc ies  less than 100% and therefore the experim ental data must be 
corrected for this. It can be shown that the flipping ratio, see equation 2.37, 
b e c o m e s ,
R = ____1 + 2Pr + r2____
1 + 2P(1 - 2f)r + r2 (3 .9 )
when the polarisation and spin-flipping eff ic ienc ies  are considered. The 
actual polarisation and f lipping efficiencies and the degree of instrumental 
depo lar isa t ion  of the beam, caused by im perfect guide tubes, can be 
determined by performing a calibration experiment with a standard sample 
such as Co0 92F e0 08 for which F M = FN.
An add i t iona l  ins trum enta l  consideration  requ ired ,  with the use of
po la ris ing  crysta l m onochrom ators ,  is \ / 2  con tam ination .  This may be
rem oved  using resonance f i l te rs  which cap tu re  the neutron through 
resonance absorption processes or it can be accounted for with a further
correction to the flipping ratio.
The effect of primary extinction on the flipping ratio is generally small 
compared to the other considerations and may be neglected. In contrast,  the
47
effec t  o f  secondary  ex tinc t ion  often is im portant in polarised-neutron  
experiments and hence the necessary corrections were made to measured 
flipping ratios (Delapalme 1979).
3 . 3  M a g n e t i s a t i o n  d e n s i t y  m e a s u r e m e n t s .
Investigations o f  the magnetisation density  distribution in PrBa.,C u 30  7.5 
sing le  crysta ls  were perform ed using p o la rised -neu tron  diffraction .  An 
initial study was carried out on a t .6 mg crystal on D3B at the Institut Laue- 
Langevin (7 days, December 1990) and a further experiment was performed 
on a larger lOOmg crystal on Poldif at the Laboratoire Léon Brillouin (14 days, 
September 1992). Both crystals were grown by the CuO flux method at the 
National Crystal Growth Facility, University of Oxford. (Note: The lOOmg 
crystal was the same crystal used in the study of the magnetic ordering of 
praseodymium and copper.)  The crystals were thin rectangular plates with 
the a and b unit cell directions approximately along the plate edges.
3 . 3 . 1  T h e  D 3 B  S p e c t r o m e t e r .
D3B is a polarised-neutron diffractometer (figure 3.4) on the H4 beam tube 
from the horizontal hot source of the high flux reactor (58MW) at the Institut 
Laue-Langevin (I.L.L), Grenoble. The Maxwellian distribution of the neutrons 
is modified by the hot source to produce an enhancement of the intensity in 
the wavelength range 0.4 < X < 0.8À. The short wavelengths allow magnetic 
structure factors up to sin9/X = 2Â' 1 to be measured.
The initial polarisation of the beam is achieved using easily exchangeable 
C o 0 92F e 00g and C u2MnAI (Heusler alloy) crystal monochromators. The Heusler 
alloy provides a higher flux but with a lower resolution and polarising 
efficiency than the Co0 92F e 00g m onochrom ator .  Various resonance filters , 
mounted on an automated carousel, may be placed in the beam to remove X/2 
c o n t a m i n a t i o n .
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The polarisation is controlled by a cryoflipper (Tasset 1991a, 1991b) which
utilises the Meissner effect of a superconductor within a non-adiabatic spin
flipper. The cryoflipper consists of two magnetic field guides positioned 
closely either side of a thin sheet of superconducting niobium foil which lies 
transverse to the beam. In the flipper 'on' state the fields lie anti-parallel to 
each  other and the neutrons will experience a rapid reversal of field across 
the  narrow width of the superconducting foil. These non-adiabatic conditions 
cause  a change in neutron spin state relative to the field. In the flipper 'off' 
s ta te  the fields lie parallel and no reversal of field occurs across the 
superconducting  foil. This spin-flipping technique is insensitive to stray
magnetic fields and is independent of wavelength, hence no modification is 
required with changes in wavelength.
The diffraction geometry of the instrument is illustrated in figure 3.5, 
where the angular limits are -135° < y < 0°, -190° < to < 190° and -5° < v < 23°. The 
flux at the sample, at a wavelength of 0.843Â, is -  2 x 106 n c m 'V 1 and -  1 x 107 
n c m  2s ‘ ' for the Co0 92F e 0 og and Heusler  alloy crysta l m onochrom ators  
respectively. The scattered neutrons are detected using a single 2He detector. 
T o  provide the low-temperature and high-field  conditions a 4 .6T  Oxford
Instrument cryomagnet is used, providing stable sample conditions from 1.5
to  273K and from 1.5 to 4.6T. The instrument is extensively automated with the 
tem perature , applied field, instrument position and data recording controlled 
by  a PDPU /73  computer.
3 . 3 . 2  T h e  P o l d i f  s p e c t r o m e t e r .
Poldif is a s ingle-crysta l d iffractom eter  for polarised neutrons at the
O rphée  Reactor (14MW), Laboratoire Léon Brillouin (L.L.B), Saclay. The 
instrument is positioned on the 5C1 beam tube from the hot source.
The neutron flux is modified by the hot source and enhanced in the
wavelength range 0.5 < X < 1.2À. Poldif is of a similar instrument design to D3B
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Figure 3 .5  : Diffraction angles for D3B.
at the I.L.L, as described above, but with an estimated incident neutron flux
on the sample a factor of 5 - 10 lower. A schematic representation of the 
instrument is shown in figure 3.6. The incident neutron beam is initially
polarised by e i ther  a Co0 92F e 00g or a Heusler-alloy crystal monochromator
and the sp in  orien ta tion  is con tro l led  by a cryoflipper.  The sample 
environment is provided by a cryomagnet providing stable temperature and 
magnetic fields in the ranges 1.5 to 273K and 1.3 to 6T respectively. The
scattered neutrons are detected with a 3He detector. The cryostat and sample
rotations are fully  automated.
3 . 3 . 3  E x p e r i m e n t a l  P r o c e d u r e .
For the initial study on D3B the PrBa2C u 30 7_s crystal was fixed on a Cd tipped 
A1 pin with "KwikfiH”, an epoxy body-filler, and mounted on the cold tip of 
the cryomagnet. The crystal was protected by an A1 can. The crystal was 
mounted in a suitable orientation to allow access to the hhl reflections. The 
experiment was performed at a temperature of 2 0 K, above the expected
ordering tem pera tu re  for the Pr3* ions, under a 4.5T applied field. The 
collimation af te r  the Co0 92F e 0 08 monochromator was relaxed to obtain the
higher intensity beam of wavelength 0.843A.
For the experiment involving the larger crystal, on Poldif, the crystal was
mounted and orien ted  in a sim ilar manner as in the D3B experiment. 
Although in this case the crystal was fixed on the Cd tipped A1 pin with 
“Araldite Rapide” . The experiment was performed at a temperature of I5K,
above the low er  ordering temperature observed for this crystal during the
investigation of its magnetic properties on TAS1. A 5T magnetic field was also
applied to th e  sample. A m onochrom atic  po la rised -neu tron  beam, of
w av e le n g th  0 .8 2 9 A ,  was u se d ,  o b ta in e d  from  the H e u s le r -a l lo y
m o n o c h r o m a to r .
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Figure 3 .6  : A schem atic plan of the polarised-neutron diffractom eter Poldif.
The orientation of the crystal and its reciprocal lattice with respect to the 
instrument was performed in a similar manner as described for the magnetic 
ordering experiments on TAS1 and TAS3. An applied magnetic field oriented
the magnetic  moments within the crysta l fe rrom agnet ica lly  a long the 
direction of the field. The flipping ratios, the ratio of the scattered intensity
for neutrons of each spin state, were measured for a large number of Bragg 
peaks. The location of the centre o f  the Bragg peak and the measurement of 
the flipping ratio and background were performed under computer control.
3 . 3 . 4  T h e  e f f e c t  o f  c r y s t a l  t w i n n i n g .
The range of measurable reflections was severely restricted due to the
twinning of the crystal, a consequence of the crystal growth, (McIntyre and
Renault 1989). Initially during growth the P rB a2C u 30 7.5 crystals are oxygen
deficient and tetragonal in structure. During oxidation the crystals undergo a 
transition to an orthorhombic structure. In this transition neither of the
tetragonal basal-plane axes is an  advantageous direction  for the shorter 
orthorhombic axis to lie along and hence this axis can lie along either, with
equal probability. This will manifest itself in two ways within the crystal. On 
a macroscopic scale the orthorhombic a and b axes may interchange forming 
domains at 90° to each other and on a microscopic scale the very similar a and 
b unit cell dimensions mean that local twinning will occur about the ( 1 10) 
planes. The result of this tw inning is a quadrupling o f  the orthorhombic
reciprocal lattice, (see figure 3,7).
Due to the small differences in the basal-plane unit-cell dimensions the 
four related hkl and khl ref lections are tightly  grouped around the hkl
reflection position for the te tragonal structural approximation to the twinned 
crystal. The broad resolution of the polarised-neutron diffactometers used did 
not permit the individual reflections to be separated and therefore the peak 
pro fi le  a lways con ta ined  c o n t r ib u t io n s  from  several  o f  the related
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Figure 3 .7  : The effect o f  twinning on the hkO reciprocal lattice plane 
of PrBa^UjOj.,.
reflections. (Note: Using a two-dimensional position-sensitive detector on a 
high resolution 4-circle d iffractometer the individual untwinned reflections 
of  Y B a ,C u  j 0 7 5 have been observed (McIntyre et al 1988). The splitting 
expec ted  in P rB a 2C u 30  7 . 6 is a factor of - 2  sm alle r  since the degree of 
orthorhomicity is smaller, and thus would be more difficult to observe.) If we 
consider a reflection group where h * k, e.g. the 120 reflection group, then 
the peak will contain contributions from the nuclear and magnetic scattering 
components from the hkl and khl Bragg reflections. As these orthorhombic 
reflections are not equivalent then the resulting measured flipping ratio will 
be related to both of the non-identical magnetic structure factors. It is 
impossible to separate these terms from the flipping ratio as their relative 
con tr ibu tion  to the peak profile are inde term inable .  Only for twinned 
reflections with h = k, e.g. the 110  reflection, will be peak profile contain 
only equivalent reflections and hence the flipping ratio will be dependent on 
only one magnetic structure factor. The measurable flipping ratios, from 
which the magnetic structure factors may be determined, are thus restricted 
to the subset of hhl reflections.
3 . 4  P o l a r i s e d - n e u t r o n  r e f l e c t i v i t y .
The magnetic field depth profile within a lead superconductor, in the bulk 
and surface  superconducting  s tates, were inves tiga ted  using polarised-  
neutron reflectivity. Experiments were performed on thin lead films at ISIS at 
the Rutherford Appleton Laboratory, ( -1 4  days). The films were prepared by 
vapour deposition of lead on the highly polished ( i l l )  faces of silicon wafers. 
Films of area 30 x 30 mm2 and of thickness a few microns were deposited.
3 . 4 . 1  T h e  C R I S P  s p e c t r o m e t e r .
CRISP is a neutron reflectometer at the pulsed spallation neutron source 
ISIS at the Rutherford Appleton Laboratory, UK and can be used in either a
5 2
polarised or unpolarised mode. A high intensity pulse of protons from a 
800M eV proton synchrotron hits a uranium target producing a pulse of 
neutrons. The repetition frequency is 50Hz resulting in a maximum neutron 
yield of -4  x 10l6n/s. As all the neutrons are emitted from the target at the 
same time the velocity  and hence the wavelength of  a neutron can be 
determined by measuring its time of flight across a known distance. Within 
an elastic scattering process a neutron undergoes no change in wavelength 
and therefore the wavelength of the scattered neutron will be directly related 
to the time of arrival at the detector.
CRISP, see figure 3.8, lies on a beam tube from the cold moderator (H2 at 
25K) which provides neutrons in the wavelength range 0.5 < 1 < 6.5A. Initially 
a series of thin-film nickel mirrors, set at 3°, re f lec t  long wavelength  
neutrons ( > 26A) out o f  the beam. The beam is then polarised using a cobalt- 
t i tanium supermirror (Scharpf 1982) which has a (0/3.) range of polarising 
reflection extending from - 0  to -3 .3  m radA '1. The orientation of the neutron 
spins is controlled by a two-coil non-adiabatic spin flipper (Hughes and 
Burgy. 1951). In this spin flipper two coils lie coaxially about the neutron 
trajectory  producing magnetic fields of  opposite polarity, (see figure 3.9). 
Midway between the two coils the neutron experiences a rapidly reversing 
magnetic field and its spin undergoes a non-adiabatic transition of state with 
respect to the field. Stray magnetic fields which can reduce the flipping 
efficiency are minimised by surrounding the coils with magnetic shielding. 
An orange cryostat with quartz windows provides a sample environment with 
temperatures in the range of 1.5 to 273K and a magnetic field parallel to the 
surface of the films is provided by an electromagnet external to the cryostat. 
The quartz windows of the cryostat allow the alignment of the films with a 
laser. The temperature o f  the cryostat is controlled by a computer. After 
reflection from a sample the neutrons are detected by a single 'H e  gas 
d e t e c to r .
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Figure 3 .9  : A 2-coil non-adiabatlc spin flipper.
3 . 4 . 2  E x p e r i m e n t a l  p r o c e d u r e .
The films were attached to support plates using a small amount o f  vacuum 
grease and mounted on a specially designed sample stick, and placed within 
the cryostat, (see figure 3.10). The mounting assembly enables four films to 
be separately investigated and the best film to be selected for a detailed study 
without warming the cryostat and exchanging the samples. This avoids the
problem of the lead films being badly oxidised by water condensing on the 
surface during warming and extraction. The tilt of the support plates is finely 
controllable and the films could be accurately aligned at 0.3° to the beam. The 
experiment was performed at 1.5K, below the superconducting transition of
lead and in a region where surface superconductiv ity  is theore tically
predicted, within applied fields in the range of 0 < B < 1000 Oe. Measurements 
are taken for each spin state in rapid alternation by energising the spin
f l ip p e r .
3 . 4 . 3  I n s t r u m e n t a l  a n d  s a m p l e  c o r r e c t i o n s .
The tim e-of-f light analysis of the detected beam and the instrumental
corrections for the polarisation and spin-flipping efficiencies are carried out
by the instrument computer. Additional sample considerations due to the
imperfect nature of the lead films have to be made. The surfaces of the films 
are not smooth and exhibit a degree of surface roughness. This is taken into 
account by modifying the measured reflectivities by a Debye-W aller type 
function. In the analysis of the data a surface oxide layer must be considered 
due to a small degree of surface oxidation which occurs while the samples are
exposed to air during the mounting and loading procedures.
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Figure 3 .1 0  : A schematic representation of the sample stick and 
cryostat used for the study of superconducting lead films.
CHAPTER FOUR
M AGNETIC ORDERING IN PrBa2C u30 7_8.
4. 1  I n t r o d u c t i o n .
We have perfo rm ed  three separate studies to de term ine  the magnetic 
ordering within P rB a 2C u 30 7.g. All the measurements have been performed
upon the same single crystal although between each experiment the crystal 
has undergone fu r th e r  oxygenation. This has e n a b le d  us to study the 
magnetic ordering as a function o f  increasing oxygen concentration.
After growth, see section 2.2, the crystal was initially annealed in 340 - 370
bar of 0 2, at 425°C for - 2 0 0  hours. We shall refer to this oxygenated stale as S =
8 ,. After the first experiment the crystal was annealed for a second time in 1 
bar of 0 2, at 450°C for -1 5 0 0  hours, (8 = 82). At this oxygen concentration the
crystal was also examined on a 4-circle diffractometer in order to determine 
the crystallographic structure, see section 5.2. From these measurements 8 2
was calculated to be 0.27 ± 0.02. Before the final study of the magnetic order, 
the crystal underwent a third oxygenation in 1 bar o f  0 2, at 450°C for - 3  0 0  0 
hours, (8 = 83). We know from the history of the sample that 8 3 < 8 2 < 8 ,, but 
only 8 2 is known. In this chapter the final study, where 8 = 6 3, forms the major 
basis o f  our results. The results of the two earlier  investigations will be
discussed in relation to this study.
At room temperature antiferromagnetic order is a lready present, apparent 
from the observa tion  o f  magnetic Bragg peaks. T h is  ordering can be
attributed to the Cu moments within the C u 0 2 planes. The N6el temperature, 
T n i , for this ordering may be extrapolated from the temperature dependence
of the magnetic Bragg peaks and found to be -  400  K. At much lower
temperatures, T < 50K, the Cu moments along the chains also order at T = TN2,
ch a n g in g  the o v e ra l l  m agnetic  s t ru c tu re .  A d d i t io n a l ly ,  in this low
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tem perature  range, d iffuse  scatter ing  is observable from two-dimensional 
correlations of the Pr spins.
4 .2  T h e  h i g h - t e m p e r a t u r e  c o p p e r  o r d e r e d  p h a s e ,  T N2 < T < TNI.
Preliminary investigations at 40K revealed the presence o f  a number of 
magnetic Bragg peaks of  the type (h=(2n, + l) /2 ,  k=(2n2+l) /2 ,  /= n 3), where n,. 
n 2 and n3 are integers and where n, = n2. (Note: these reflections which were 
the only accessible magnetic reflections within our scattering plane will be 
refered to as (h/2, k/2, /) reflections.) No magnetic Bragg peaks of the form 
(h  = ( 2 n ,  + l) /2 ,  k= (2n 2+ l) /2 ,  / = ( 2 n 3+l)/2),  to be refered to as (h/2, k/2, H I )
reflections, were found to be present at this temperature. I f  we assume the 
origin of  this magnetic scattering to be ordering of the Cu spins, as shown to 
be the case in earlier studies of PrBa2C u 30 7.g, (Rosov el al. 1992)), and in the 
studies of other ReBa2C u 30 7.8 compounds, (Li et al. 1990), then the observation 
of  peaks with h=(2n, + l) /2  and k=(2n2+ l) /2  implies that neighbouring Cu 
sp ins  are coupled  an t i fe r ro m a g n e t ica l ly  along the  a and b unit cell 
d irec tions.  This an t iferrom agnetic  arrangement results in a magnetic unit 
cell quadrupled in area, to the chemical unit cell, in the a  - b plane. In 
contrast,  as the reflections also have /= n 3 then this requires the chemical and 
magnetic unit cells to be the same in the c d irec tion .  An explanation  
consistent with this requirement is one where the spins of the Cu ions in the 
C u 0 2 planes order, o f  which there are two per chemical unit cell, and the Cu
spins along the chains remain disordered. This may possibly be due to the 
weaker coupling between the chain Cu spins caused by the reduced oxygen 
concentration within these layers. In addition, the absence o f  a (0.5, 0.5, 0) 
m agnetic  Bragg reflection means that neighbouring Cu sp in s  on adjacent 
C u 0 2 planes along the c direction, must also be coupled antifcrromagnetically.
In order to determine the Cu moment's direction and size the intensities of 
the measured magnetic peaks, corrected for the Lorcntz factor,  (see Section
5 6
3.1.3), have to be compared to theoretically  modelled intensities. Accurate 
profiles o f  a set of magnetic reflections, of the type (h/2 , k/2 , /) where h = k, 
were ob ta ined  using to scans, where the crystal was rotated through the 
Bragg position with the detector fixed, and are shown in figure 4.1. Each peak 
is fitted by the method of least squares to a  Gaussian, where the average half­
width at half-height, hwhh, for this set of reflections is 0.276° ± 0.009°. The 
small shoulder  on the right-hand side of each peak is attributed to small 
misaligned crystallites on the surface of the crystal.
The intensity of a magnetic Bragg peak, arising from one magnetic species, 
is theoretically expressed as
•hki = c  < H > 2 ^ 0 0
2
(4.1)
where C is a constant, <p> is the thermal average of the aligned magnetic 
moments, k and M are unit vectors in the direction of the reciprocal lattice 
vector and  spin direction respectively, f(ic) is the magnetic form factor, N is 
the number of magnetic ions in the magnetic unit cell, r) is the position of the 
jth atom and Wj is the Debye-Waller factor for the jth atom, (e.g. see Bacon. 
1976). The orientation factor <1 - (ic . M ) 2> must be calculated for all the 
possible magnetic domains. A fitting of  the modelled intensities to the 
e x p e r im e n ta l  in tens it ies ,  was perform ed, based upon a least squares  
approach, using programs from the Cam bridge Crystallography Subroutine 
Library (Brown and Matthewman 1993). In our  analysis we used a spherically 
symmetric form factor for C u2+ (Brown 1990) and assumed the moments on 
the two Cu sites to be identical. The moment size was obtained by fitting the 
magnetic peaks in conjunction with a num ber of nuclear Bragg peaks. The 
initial a tom ic positions and site occupancies were taken from the 4-circle 
diffraction study performed upon the crystal in its earlier oxygenation state, 
see table S.l.
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F ig u re  4.1: Several antiferrom agnetic , (h/2, k/2, /) type magnetic Bragg
peaks, where h = k, obtained for the 8 = 8 3 crystal at 40K.
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F ig u re  4.1 ( c o n t in u e d ) :  Several a n t i fe r ro m a g n e t ic ,  (h /2 ,  k /2 ,  /) type,
magnetic Bragg peaks, where h = k, obtained for the 5 = 6 3 crystal at 40K.
The magnetic structure which agreed most closely with the experimental 
results at 40K involved Cu moments, of (0.55 ± 0 .0 4 )p B, lying within the a -b  
plane, as shown in figure 4.2. It is impossible to establish whether there is a 
preferred orientation within the a - b  plane as information on the moment
direction is lost when the domain average is taken. The close agreement
between the measured and calculated intensities is shown in Table 4.1.
For this high-temperature Cu-ordered state the model also agrees well with
the magnetic peak intensities for the two earlier studies, 5 = 8 ,  and 5 = 52 = 0.27.
Figure 4.3a shows the temperature dependence o f  the strongest peak, (0.5, 0.5, 
2.0), for the 5 = 8 ,  crystal.  The peak intensity  appears to saturate with
decreasing temperature and indicates that the ordered moment has reached 
its maximum value. From this temperature dependence we estimate T N, to be
(400 ± 30) K. An accurate determination of T N, was not possible due to the 
limited temperature range of the Dispiex cryorefrigerator. The behaviour of
the same reflection for the 5 = 0.27 crystal, at high temperatures, was very
similar. Although no temperature dependence of  this peak was performed for 
the 8 = 83 crystal, checks at room temperature showed the presence of (h/2 ,
k/2, l ) type magnetic Bragg peaks. An earlier  study of the Cu order in 
P rB a ,C u  . ,0 7.5 using single crystals of estimated low oxygen concentrations, 8 > 
0.4 (Rosov et at. 1992), showed T N1 = 370 K. This agrees closely with the results
for our crystal, in its higher relative oxygenation states. We may therefore
conc lude  that T N, appears to be insensitive  to the overall oxygen 
concentration. T h is  is in contrast to the behaviour of T N, for the other
R e B a 2C u-,0 7.8 compounds, (Li et al. 1990) where T N1 decreases from -430 K at 8 = 
1.0 to 0 K at 8 = 0.5.
4 . 3  T h e  l o w - t e m p e r a t u r e  c o p p e r  o r d e r e d  p h a s e ,  T < TN2.
At (10 ± 1) K the intensity of the (h/2, k/2, l) type reflections, for the 5 = 8 ,  
crystal, begins to decrease with decreasing temperature, as illustrated by the
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4F ig u r e  4.2: The magnetic spin configuration for the Cu moments, within the 
C u O j  planes, in the high-temperature ordered phase. In this phase the Cu
spins within the Cu chains remain disordered. (Note : The chosen direction of 
the moments within a - b  plane is arbitrary, as no evidence is available which 
would indicate a preferred orientation.)
R e fle c t io n ,  
(h, k, /) ^obs ^calc
0.5, 0.5, 0 0.00 ± 0.02 0 .0 0
0.5, 0.5, 1 0.67 ± 0.03 0.65
0.5, 0.5, 2 1.00 ± 0.03 1.00
0.5, 0.5, 3 0.09 ± 0.02 0 .1 0
0.5, 0.5, 4 0.30 ± 0.03 0.30
0.5, 0.5, 5 0.68 ± 0.04 0.65
0.5, 0.5, 6 0.19 ± 0.03 0.15
0.5, 0.5, 7 0.04 ± 0.02 0.03
1.5, 1.5, 0 0.00 ± 0.02 0 .0 0
1.5, 1.5, 1 0.10 ± 0.04 0.16
1.5, 1.5, 2 0.15 ± 0.03 0 .2 0
1.5, 1.5, 3 0.03 ± 0.02 0 .0 2
y 2 = 0.189
T ab le  4.1 The observed and calculated intensities for our single crystal of 
P r B a , C u 30 7 .6 at 40 K, where 8 = 8-,. In the calculation the moments on the 
planar Cu sites are (0.55 ± 0.04)pB whilst the Cu spins within the Cu chains 
remain disordered. The (0.5, 0.5 2) peak has been defined to have an 
intensity of  unity for convenience and  to allow a direct comparision to
previously published results to be made, (e.g. Li et al. 1990).
(Note: = 1 £  ^»bs '  ^caic) where nobs and npar are the number of
" o b ,  "  n p a r obs (^ o b s )2
observations and parameters respectively .)
a )
b )
Tem p erature  (K).
T em p erature  (K).
Figure  4.3: The temperature dependence of a) the (0.5, 0.5, 2) reflection and, 
b) the (0.5, 0.5, 1.5) reflection, for the 5 = 8 ,  crystal. TN, may be extrapolated 
from the temperature dependence of the (0.5, 0.5, 2) peak to be (375 ± 25) K. 
The onset o f  the ordering of  the chain Cu spins, TN2, occurs at (40 ± 3) K.
temperature dependence of the (0.5, 0.5. 2) reflection, shown in figure 4.4a. 
Associated with this decrease is the appearance of, and subsequent increase 
in, the intensities o f  (h/2, k/2, 112) type m agnetic  Bragg reflections. This 
indicates tha t  a change in the spin configuration has occurred. As the new 
Bragg reflections occur at / = ( 2 n s+ l) /2  this implies that the magnetic unit cell
is now doubled along the c direction. This change in the magnetic structure 
may be attributed to antiferromagnetic ordering of  the chain-Cu spins. The 
in troduction of  ordered magnetic moments along the Cu chains complicates 
the spin configuration .
If  we consider the exchange coupling interaction between C u  spins along 
the c direction  then above T N2 the exchange coupling between Cu spins in 
ad jacen t C u 0 2 planes, Jpp, is strongly antiferromagnetic, (Kadowaki et al. 
1988). T here  is also an antiferromagnetic interaction, Jjp, between two planar 
Cu spins, separated by the Cu chains. Jip is mediated by ions within these Cu
chains and  can be regarded as a next-nearest-neighbour interaction and 
th e re fo re  w ea k er  than Jpp. Below T N2 there is now an additional 
an t i fe rrom agnet ic  coupling, Jcp, between the Cu spins in adjacent Cu chains 
and C u 0 2 planes. The competition between the interactions J ip and Jcp gives 
rise to the  frustration within the spin configuration. The resu lt  of these 
c o m p e tin g  in te rac t io n s  is a n o n -co l l inea r  sp in  s t r u c tu re  with spin
components o f  a periodicity o f  either c or 2c along the c d irection which
results in the presence of both (h/2 , k/2 , 1/2) and (h/2 , k/2 , /) type magnetic 
Bragg ref lec tions .
To model this non-collinear spin structure we are able to use a similar 
approach to  the one used to model the high-temperature phase. Since the 
(h/2 , k/2 , 1/2) type reflections and the (h/2 , k/2 , /) type ref lections come 
from separate series o f  Fourier components we were able to model the two
responsib le  spin configurat ions  independently  and form an overall spin
configuration by superimposing the two models.
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F ig u re  4.4: The temperature dependence of a) the (0.5, 0.5, 2) and the (0.5, 
0.5, 1.5) peaks, and b) the diffuse scattering centred on the (0.5, 0.5, 0) Bragg 
position, for the 5 = 5j crystal. From a) TN1 *s found to be (10 ± 1) K ( ‘ Note :
different scales in  a) for the two reflections).
A ccura te  determ ination  o f  the m agnetic  peak in tensities from the 
measured peak profiles, in this low-temperature region, was complicated by
the presence of diffuse scattering from short-ranged correlations of the Pr 
spins, (this diffuse scattering will be discussed in more detail in section 4.4).
Two-dimensional correlations o f  the Pr spins, in the a - b  plane, resulted in a 
narrow rod of diffuse scattering through the (0.5, 0.5, 0) scattering position 
and along the / direction o f  reciprocal space. Small three-dim ensional 
correlations produced very broad peaks of scattering centred upon the (h/2 ,
k/2, /) Bragg positions, which decreased in intensity with increasing l. In the 
estimation of the observed magnetic peak intensities this diffuse scattering 
had to be taken into account.
For the /= n 3 peaks a comparison between peak profiles measured above and 
below TN2, at 40K and 2K respectively, clearly illustrates the presence of the
diffuse scattering beneath the magnetic Bragg peak, see figure 4.5. For each 
2K profile, for n3 < 6 , the data points corresponding to the background of the
40K profiles, 5 - 8  points on the extreme left-hand and right-hand sides of 
each profile, were fitted with broad Lorentzians in order to account for this 
diffuse scattering. The effect o f  the diffuse scattering rod was neglected due 
to its small size relative to the diffuse scattering centred on the magnetic 
Bragg positions. An accurate profile o f  the diffuse scattering, due to the 
three-d im ensional correla tions, at the (0.5, 0.5, 0) position, where no
magnetic Bragg scattering occurs, allowed us to characterise this scattering 
at one / = n 3 position and thus enabled us to model the diffuse scattering with a 
reasonable accuracy at other / = n 3 positions. Once the diffuse scattering was 
subtracted from the peak, the remaining peak was fitted with a Gaussian by 
least squares. This approach to obtaining the peak intensities can be justified 
in several ways. Firstly, by the overall excellent fits to the data obtained using 
a Lorentzian plus a Gaussian, see figures 4.5b and 4.6, and secondly by the 
reasonable agreement found between the Gaussian hw hh 's  for the magnetic
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F ig u re  4.5: a) The (0.5, 0.5, 2.0) peak profile, measured at 40K, fitted with a 
Gaussian, b) The complete 2K profile, fitted with a Gaussian, for the magnetic 
Bragg peak, plus a Lorentzian, for the diffuse scattering, c) The (0.5, 0.5, 2.0) 
peak profile, measured at 2K, with the calculated diffuse scattering subtracted 
from the raw data. The fit is again Gaussian. (Note: the left hand plots 
correspond to an expanded view of the lefthand side of each peak profile.)
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F ig u re  4.6: Several antiferromagnetic, (h/2, k/2, /) type, magnetic Bragg
peaks obtained for the 6 = 8 3 crystal at 2K. The solid lines show the diffuse and 
magnetic Bragg scattering components to the profile in addition to their sum. 
(♦Note : Different measurement time than used in figure 4.1).
Bragg peak profiles measured at 40K and 2K, 0.276° ± 0.009° and 0.30° ± 0.01° 
respectively. For the higher order (h/2, k/2, l) peaks, where n ,  > 5, the effect 
of the diffuse scattering was found to be negligible and pure Gaussians were
fitted to the data.
In order to obtain the peak intensities for the (h/2, k/2, 1/2) type of
ref lections a s ligh tly  different problem was encountered. These magnetic 
B ragg  peaks w ere  not s i tua ted  upon diffuse sc a t te r in g  from three-
dimensional correlations but just on the diffuse scattering rod. Due to the to 
scans used the instrumental resolution ellipsoid swept through the diffuse rod 
at different angles, depending on the position in reciprocal space and hence 
the contribution o f  the rod to the profile varied for d ifferent magnetic 
reflections. As a result each profile was fitted with a narrow Gaussian, with a 
hwhh of  a s im ilar size to the other measured magnetic Bragg peaks, in 
addition to a broader Gaussian which accounts for the diffuse scattering rod.
The quality of the fits to the experimental profiles for the (h/2, k/2, 112) 
refections is illustrated in figure 4.7. The (0.5, 0.5, 4.5) and (0.5, 0.5, 5.5)
reflections were measured but later rejected due to contamination problems
from A1 powder diffraction lines arising from the A1 sample can protecting 
our crystal.
We have attempted to model the spin configuration using several different 
models. In the model which provided the best agreement with the observed
intensities,  the Cu moments within the chains and the planes both lay within 
the a - b  plane. W ith in  each layer  all the Cu spins are ordered 
ant iferromagnetically  with respect to their nearest neighbours. Along the c 
d i r e c t io n  the C u  sp in s ,  w ith in  the C u 0 2 p la n es ,  are o rdered
ant iferromagnetically  with respect to their neighbour in the adjacent CuO:
plane and lie at an angle a  to the Cu spins within the chains. Additionally, the 
spins of the Cu ions within one C u 0 2 plane are rotated in the opposite sense, 
with respect to the chain moments, to those within the C u 0 2 plane on the
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F ig u re  4.7: Several antiferromagnetic, (h/2, k/2, 1/2) type, magnetic  Bragg 
peaks obtained for the 5 = 8 j crystal at 2K. The calculated fits include the 
diffuse and magnetic Bragg scattering components to the profile.
opposite side of the Cu chain, see figure 4.8. A comparison between the
observed intensities and the calculated intensities, obtained using this model, 
is presented in to Table 4.2. Employing this model we obtained a chain Cu 
moment of (0.25 ± 0.03)pB and a planar Cu moment of (0.54 ± 0.06)pB orientated 
at a relative angle of 23° ± 2°.
An overall representation of the developm ent of the spin configuration 
with decreas ing temperature , within this  low-tem perature phase, may be 
simply described by the chain Cu spins ordering at right angles to the planar 
spins at TN2 and as the temperature decreases the magnitude of the chain
moments increases and the planar spins rotate towards them.
This model of the spin configuration does not match the model to describe
the magnetic structure of the Cu spins in P rB a ,C u 30 7.5 proposed by Rosov et al, 
1992. Their proposed model contains an ordered component of the chain Cu 
spins along the c direction. All attempts to model our data with a similar 
component in the c direction worsened the agreement between our observed 
intensities and the calculated intensities considerably.
In contrast, our model is very similar to the model found to describe the Cu 
spin configuration of NdBa2C u 30 7_5 a typical ReBa2C u 30 7.5 compound, at 
temperatures just below TN2, (Li et al. 1990) In NdBa2C u 30 7.6, the (h/2, k/2, /) 
peaks appear to fall to zero as the temperature approaches T = 0 K, leaving 
only (h/2, k/2, 112) peaks, indicating that the Cu planar spins have rotated 
fully through 90° to lie parallel and anti-parallel to the chain Cu spins 
forming a l inea r  an t ife rrom agnet ic  sp in  configurat ion .  This behaviour
occurs in NdBa2C u 3O 0 63 where the chain Cu spins order at 10K, the same T N2 as 
for our 8 = 8 3 crystal,  and the (0.5, 0.5, 1.5) peak appears and quickly increases 
in intensity while the (0.5, 0.5, 2) peak falls away to zero intensity at 0 K, see 
figure 1.7. In contrast, though, for our 8 = 5 3 crystal the (0.5, 0.5, 2) peak 
shows no sign of dropping to zero intensity, see figure 4.4, and remains a
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cF igure  4.8: The magnetic spin configuration for the Cu moments in the low- 
temperature ordered phase. (Note : The direction of the chain Cu moments in 
the a - b plane is arbitrary and has been chosen to be along the b direction to 
aid the eye in distinguishing the relative moment directions.)
R e fle c t io n ,  
(h, k, /) ^obs ^calc
0.5, 0.5, 0.5 0.030 ± 0.004 0.033
0.5, 0.5, 1.5 0.106 ± 0.020 0.109
0.5, 0.5, 2.5 0.096 ± 0.018 0.072
0.5, 0.5, 3.5 0.046 ± 0.020 0.0 22
1.5, 1.5, 0.5 0.010  ± 0.008 0 .0 11
1.5, 1.5, 1.5 0.029 ± 0.014 0.032
1.5, 1.5, 2.5 0.015 ± 0.010 0.019
0.5, 0.5, 1 0.65 ± 0.03 0.63
0.5, 0.5, 2 1.00 ± 0.03 1.00
0.5, 0.5, 3 0.14 ± 0.02 0 .11
0.5, 0.5, 4 0.44 ± 0.03 0.32
0.5, 0.5, 5 0.76 ± 0.04 0.77
0.5, 0.5, 6 0.28 ± 0.03 0.21
0.5, 0.5, 7 0.11 ± 0.02 0.04
1.5, 1.5, 1 0.13 ± 0.04 0.21
1.5, 1.5, 2 0.18 ± 0.03 0.29
1.5, 1.5, 3 0.03 ± 0.02 0.03
y 2 = 0.548
T ab le  4.2 : The observed and calculated intensities for our single crystal of 
P rB a 2C u , 0 7.5 at 2.0 K, where 8 = 8 3. In the calculation the moments on the chain 
and planar Cu sites are (0.23 ± 0 .03)pB and (0.54 ± 0.06)pB respectively and are at 
a relative angle of 23° ± 2°. The (0.5, 0.5 2) peak has been defined to have an 
intensity of  unity for convenience.
much stronger reflection than the strongest / = ( 2 n ,  + l )/2  reflection, the (0 .5 , 
0.5, 1.5).
A no ther  m ajo r  difference between the behaviour of the Cu spins in 
N d B a , C u 30 7 5 and in PrBa2C u 30 7 .5 is the relative moment size of the planar Cu 
ions above and below TN2. In our study we found the magnitude of the Cu
planar  moment remained the same within experimental error  above and 
below T N2, (0.54 ± 0.06) p B and (0.55 ± 0.04) p B respectively, whilst in 
N d B a 2C u j 0 7 5  the Cu planar moment was found to increase above its saturated
high-tem perature phase magnitude in the low-temperature region from 0.65 
to 0 .8p B.
The model found to describe well the low-temperature Cu spin phase within 
the 5 = 8 3 crystal also provided a reasonable model for the behaviour of the
crystal in its two previous oxygenation states. Studies with the 8 = 8 , crystal 
showed the chain Cu spins ordered at (40 ± 3) K as shown by the temperature 
dependence of the (0.5, 0.5, 2) and (0.5, 0.5, 1.5) peaks, see figure 4.3. The 
temperature dependence of the (0.5, 0.5, 2) peak at low temperatures, near 0 K, 
was consistent with the behaviour of the same peak for the 5 = 83 crystal in
that there is no evidence that the intensity would fall to zero at 0 K. For the 8 = 
0.27 crystal T N2 was found to be slightly higher than TN2 for the 8 = S3 crystal 
at (11 ± 1) K, as illustrated by the temperature dependence of the (0.5, 0.5, 0.5) 
and (0.5, 0.5, 1.5) peaks shown in figure 4.9. We then conclude that TN2 is
strongly dependent on the oxygen concentration of the crystal, in contrast to 
T n ,. Results from an uncompleted study of a smaller PrBa2C u 30 7.8 crystal, see 
figure 4.10, would indicate that our 5 = S3 crystal is still not fully oxygenated if 
we assume TN2 decreases with increasing oxygen concentration, as implied by 
our results, as no (h/2 , k /2 , 1/2) type reflections are observed nor any 
associated drop in the intensity in the (h/2 , k/2 , l) type of reflections down to 
8 K, characteristic of chain Cu ordering.
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F ig u re  4.9: The temperature dependence of the (0.5, 0.5, 0.5) and the (0.5, 0.5, 
1.5) peaks, for the 8 = 0.27 crystal. T N2 can be seen to be (11 ± 1) K.
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F ig u re  4.10: The temperature dependence of the (0.5, 0.5, 5) peak, for a 
second, smaller, P rB ajC ujO -^ j  single crystal.
At low temperatures, T < 20 K, as well as the magnetic Bragg scattering,
which can be attributed to the magnetic ordering of the Cu spins, additional 
magnetic scattering is observed This scattering takes the form of ridges, o r  
rods, lying along the l direction of reciprocal space which pass through, and 
are broadly peaked, at the (h/2 , k/2 , /) reciprocal lattice positions, as  
illustrated in figure 4.11.
The scattering centred upon the (h/2, k/2, /) reciprocal lattice posit ions 
can be distinguished from magnetic Bragg scattering by firstly, the shape 
and width of the peaks and secondly, by their temperature dependence. 
Experimentally, the profile of a magnetic Bragg reflection, for a single 
crystal, is Gaussian in shape and has an intrinsic width dependent upon the
mosaicity of the crystal, the magnetic domain size and the instrumental 
resolution. Generally the instrumental resolution function is the dom inant 
factor and for high quality crystals accounts for > 95% of a Bragg peak width. 
Therefore magnetic Bragg peaks, at similar positions in reciprocal space, 
arising from the ordering of different spins will be of a similar width. This is 
illustrated by the similarity of the different magnetic peak profiles measured 
within the high-temperature and low-temperature Cu spin ordered phases, 
see section 4.3. In contrast, this broad peaked scattering along the rod is 
Lorentzian in shape, characteristic of short-range order, with a hwhh equal
to (0.056 ± 0.002) reciprocal lattice units (rlu), approximately five times the 
width of a normal Bragg peak on this instrument along the same reciprocal 
lattice direction. The temperature dependence of the intensity at the (0.5, 0.5, 
0) reciprocal lattice position, see figure 4.4b, differs strongly from the typical 
Brillouin form of the temperature dependence of an an t iferrom agnet ic  
magnetic peak, e.g. the (0.5, 0.5, 1.5) reflection, see figure 4.4a (Bacon. 1976), 
and is also representative of the temperature dependence of magnetic diffuse 
scattering. We may therefore attribute this additional scattering to short-
4 . 4  S h o r t - r a n g e  p r a s e o d y m i u m  s p i n  c o r r e l a t i o n s .
64
2-Dimensional
•  Nuclear Bragg Peaks. O Magnetic Bragg Peaks.
F ig u re  4.11: The section of the scattering plane in reciprocal space, where 
the majority of our measurements were taken.
accounted for, where the diffuse scattering rod and the scattering centred on 
(h/2 , k/2 , Z) reciprocal lattice positions are due to two-dimensional and three- 
dimensional correlations respectively, (Birgeneau et al. 1970).
We have performed a number of  measurements at 2K, hhO and ZOO scans,
scans parallel to th e  ( 110) and (0 0 1 ) directions in reciprocal space as shown 
in figure 4.11, in order to characterise the diffuse scattering. The underlying 
feature is the d if fuse  scattering rod which has a narrow Lorentzian shaped 
cross section with a  hwhh of  (0.014 ± 0 .0 0 1 ) rlu (or 0.032 ± 0.002 A '1) , as 
shown in figure 4.12. The broad peak at the (1/2, 1/2, 0) reciprocal lattice
position, and typical of all the Z=n3 positions, is illustrated well by figures 4.13
and 4.14. This broad peak has a hwhh of (0.056 ± 0.001) rlu, (or 0.030 ± 0.0005 
A 1), along the direction of the rod. No sign of  an additional broad diffuse peak 
at the (0.5, 05, 0.5) reciprocal lattice position was found from scans along the 
rods direction and the overall magnetic scattering at this position could be 
simply and accurately explained by a small magnetic Bragg peak sitting upon 
the flat diffuse rod. As the diffuse scattering is peaked only at the (h/2, k/2, Z) 
reciprocal lattice positions, as seen in section 4.3, we may conclude that the
diffuse scattering arises from antiferromagnetic correlations of  the Pr spins 
along the a and b directions and ferromagnetic correlations along the c 
direction. Calculated peak intensities, obtained from a model of this proposed 
spin configuration, agreed reasonably well with the observed intensities of 
the d i f fu se  sc a t te r in g  ar is ing  from the  th ree -d im ensional  shor t- range  
correlations. A schematic representation of a section of the diffuse scattering 
rod in reciprocal space is shown in figure 4.14 and illustrates the broad 
nature o f  the scattering centred upon the (h/2, k/2, Z) reciprocal lattice
p o s i t io n s .
Within the framework of the mean field theory we were able to estimate
the correlation lengths of the Pr spins within the a - b plane and along the c
r a n g e  c o r r e l a t i o n s  o f  t h e  P r  s p i n s ,  a s  t h e  C u  s p i n s  h a v e  a l r e a d y  b e e n
6 5
h ( A' l) .
F ig u re  4.12: Three scans across the diffuse scattering rod, for the ô = 5 ,  
crystal at 2 K, at different positions in reciprocal space, indicating the diffuse 
scattering arising from two-dimensional and three-dimensional correla tions 
of the Pr spins.
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F igu re  4.13: A  scan along the diffuse scattering rod, for the 5 = 6 3 crystal at 
2K, centred upon the (0.5, 0.5, 0) position in reciprocal space, illustrating the 
broad peaking of d iffuse scattering at the (h/2 , k /2 , l ) reciprocal lattice 
p o s i t io n s .
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axis, (Hirakawa. 1982 and Als-Neilsen et al, 1993). From the mean field 
fo rm u la t ion  o f  the w av e v ec to r-dependen t  su sc ep t ib i l i ty  the m agnetic
scattering S(q), as a function of the wavevector q, may be approximately 
expressed as a Lorentzian type function of the form
where c is a constant, qab and qc represent the w avevector  d isp lacem ents  
from a reciprocal lattice point in the a - b  plane and along the c axis 
respec tive ly ,  J and J' are the tw o-d im ensional  and th ree -d im ensional  
exchange couplings respectively and K is the Lorentzian hwhh. Within the 
O rn s te in - Z e r n ik e  m e a n - f ie ld  m odel K is equal to the inverse of the
correlation length, ¡;, where the thermal average of the correlation between 
two spins separated by a distance r may be expressed as
where C is a constant, (e.g. Stanely. 1987 and Marshall and Lowde. 1968).
Experimentally the observed magnetic scattering is a convolution o f  S(q) 
with the instrumental resolution function. Due to the narrow width of the 
diffuse scattering rod we would expect this resolution function to contribute
significantly to the overall width and hence must be taken into consideration. 
Ideally, in order to account for the resolution function we should perform a
th ree -d im ensional  convolu tion  of S(q) with the instrumental reso lu tion  
function and fit our measured profiles with the result. This approach is 
extremely com plicated and an accurate representation of the instrumental
resolution function in three dimensions is required for that posit ion  in 
reciprocal space, a requirement beyond the bounds of our experiment. One
alternative solution is simply to estimate the width due to the resolution 
function and subtract its contribution from the overall measured width. This
(4.3)
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approach will only allow an approximation to within a factor two to be made. 
We were able to estimate the width of the resolution function by measuring 
the width of a nearby Bragg reflection, the (0.5, 0.5, 1) reflection for which
the resolution function may be assumed to contribute most to the peak's 
width. (Note A more suitable reflection would have been the one arising 
from X/2 contamination from the (1, 1, 0) nuclear Bragg reflection, measured
above the onset o f  the diffuse scattering, which would have occurred at the 
same (0.5, 0.5 0) position in reciprocal space.) By removing the contribution 
of this width from one measured from the hhO scan across the rod at the (0.5, 
0.5 0) reciprocal lattice position we were able to estimate the correlation 
length of the Pr spins within the a - b plane to be -  200 reciprocal lattice
spacings at 2K. Additionally, it may be simply shown, using equation 4.2, that 
the ratio of  the hwhh of the measured profiles parallel and perpendicular to
the rod, K, and K h respectively, may be written as
Using equation 4.4 we are able to estimate the weak three-dimensional
coupling J' to be < 100 J.
In the earlier studies, where 5 = 5 ,  and 5 = 0.27, similar diffuse scattering 
was also observed below 2 0K and hence it appears that the onset of the short- 
range correlations between the Pr spins is largely independent of the oxygen 
concentration of our crystal. The onset of the diffuse scattering coincides
with the Neel temperature, -17K, proposed for the long range ordering of the 
Pr spins from e a r l ie r  specific heat and powder diffraction  studies of
P r B a 2C u 30 7.8, (Li et al. 1989). If we were able to determine accurately the
instrumental resolution function for the (0.5, 0.5, 0) position in reciprocal 
space we would be able to refine the temperature dependence of the diffuse
scattering. This would enable us to gain further insight into the behaviour of
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the spins below 2K and allow us to predict whether a transition to long range 
three-dimensional order would occur just below 2K or whether the spins 
would remain ordered over on ly  short distances, possibly due to frustration 
within the system. Unfortunately we were unable to do this within the limits 
o f  our experimental measurements. (Note: A further experiment tailored to 
the investigation o f  quas i-e lastic  scattering would provide a more suitable 
probe of  the Pr short-range correlations.)
Within typical quas i-two-d im ensional m agnets  d if fuse  scattering, arising 
from short-range correlations o f  the spins, is often observed at temperatures 
up to twice their Neel temperature. This is well illustrated by K2N iF 4 where TN
is 97. IK and diffuse scatter ing  is observed at temperatures up to 200K, 
(Birgeneau et al. 1970). The Re ions, in ReBa2C u 30 7_5, may also be similarly
treated as quasi two-dimensional magnets because their  separation along the 
c axis is approximately three times that in the a - b  plane. In ErBa2C u 30 7.s two-
d im ensiona l  co r re la t ions  are observed, aga in  in the form o f  diffuse 
scattering, up to - I K ,  where the  three-dimensional N6el temperature is 0.62K, 
(Lynn et al. 1987, and Lynn et al. 1989). In sharp contrast, in PrBa2C u 30 7.4 we 
have observed diffuse scattering up to 20K while no long-range magnetic 
order has been observed at temperatures down to 2K. This would seem to 
indicate tha t d iso rder  is p re se n t  within our  crys ta l  and restr ic ts  the 
development of full long-range Pr spin order.
The behaviour of  the Pr spins, in our PrBa2C u 30 7.,  crystal,  differs markedly 
from that found in previous studies of PrBa2C u 30 7_s and also, as expected, from 
the behaviour of  the Re spins in the other ReBa2C u 30 7.g compounds. The Re 
spins all order antiferromagnetically at low temperatures, less than 2.3K, and 
can be separa ted  into th ree  ca tegories  with r e sp e c t  to the ir  spin 
configurations. First there are those where the Re spins order along the c 
direction and no diffuse scattering is observed above TN, such as NdBa2C u 30 7.# 
(Yang et al. 1989) and GdBa2C u 30 7.s (Paul et al. 1988). Secondly there are those
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where the Re spins also order along the  c d irection  but where three-
dim ensional correla tions are observed above  TN, such as DyBa2C u 30 7 _8
(Goldman et al. 1987), and thirdly where the Re spins order within the a-b 
plane and only two-dimensional correlations are observed above T N, such as 
E rB a 2C u 30 7.s (Lynn et al. 1989).
The only previous neutron study of  the Pr  order in PrBa2C u 30 7_s involved 
powder diffraction where the proposed spin  configuration, based upon only 
two measured magnetic Bragg peaks which occurred in d ifferent positions 
than we observed, consisted o f  Pr spins coupled antiferromagnetically along 
all three unit cell directions, (Li et al. 1990). This disagrees with the spin
configuration , proposed for the  regions o f  short-range order, within our 
crystal where the spins are aligned ferromagnetically along the c direction. 
A similar Pr spin structure, to our spin configuration, was found in the 
P r B a 2C u 2 7Z n 0 30 7.8 compound in which 15 atomic % of the Cu ions in the C u 0 2
plane have been replaced by Zn, (Li et al. 1993). If we now consider the 
possible effect o f  impurities, or substitu tions ,  within our crystal we may
formulate a possible explanation for the observed behaviour of  the Pr spins. 
From our spin-density measurements, see chapter 5, we have established that 
a small amount of Pr is located upon the Ba sites. Additionally we believe there 
is a small amount of A1 upon the Cu chain  sites, a product o f  the crystal
growth in which A1 crucibles were used. The combined effect o f  these 
impurities may be to introduce the disorder in our crystal which restricts the 
long-range ordering of the Pr spins.
4.5 D is c u s s io n .
From our measurements on single c rysta ls  of PrBa2C u 30  7 .4 in various 
oxygenation states, we have found that the ordering of  the Cu spins in the
high-tem perature  and low -tem perature  phases  can be modelled accurately
with all the Cu moments lying in the a - b  plane. In the high-temperature
69
phase the Cu spins in the C u 0 2 p lanes order an t ife rrom agnet ica lly  with 
respect to their nearest neighbours in all three unit cell directions while the 
Cu spins within the chains remained disordered, as shown in figure 4.2. The 
N6el temperature, TN), for this phase appears to be independent of the oxygen
concentration of the crystal as illustrated in Table 4.3, in which a summary of 
the ordering temperatures is given. At TN2 the Cu spins within the chains also
order and an antiferromagnetic non-collinear spin configuration results, see 
figure 4.8. In contrast to TN1, TN2 is found to be dependent on 8, decreasing as
the oxygen concentration increases. The failure of the  Cu spins to form a 
linear spin configuration  at low temperatures, T = 0  K, may be due to the
impurities within the crystal which are also believed to hinder the three- 
dimensional ordering of the Pr spins.
The onset o f  the diffuse scattering, due to short range correlations o f  the 
Pr spins, occurs below 20K. If the temperature dependence o f  the diffuse 
scattering behaved in a sim ilar manner to other quasi two-dim ensional
m agnets  we w ould  ex p e c t  full th ree -d im ensional  order to set in at 
approximately 10 K. The previously published value of  17K for the Ndel
tem perature , T N, of  the Pr spins was obtained for a fully oxygenated powder
sample (Li et al. 1989), and susceptibility studies on lower oxygenated samples 
have shown that TN decreases below 10K as oxygen is removed, (Felner et al.
1989, Kebede et al. 1991). A N6el temperature of -10K  for our crystal would be 
fully consistent with this dependence of  T N upon oxygen concentration as the 
estimated value o f  S 3 for our crystal is greater than 0.0, as indicated by the
very similar TN2 for the crystal in the 8 = 0.27 and 8 3 oxygenation states, see 
table 4.3. A TN of  the order of 10K would be an order o f  magnitude higher than 
would be expected if one scaled TN for the other rare earths assuming a purely 
dipolar or RKKY exchange interaction, see section 1.6.2. We may therefore 
conclude that a likely explanation for the Pr spins failing to order is the 
disorder within the crystal caused by the Al and Pr impurities and that if the
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O x y g e n a t i o n
s t a t e
C o p p e r S p in s P r a s e o d y m i u m  
s p in s  :
onset o f  diffuse 
scattering (K).T N1 (K). T n2 (K).
S, 400 ± 30 40 ± 3 16 ± 2
52 = 0.27 400 ± 25 11 ± 1 < 20
8, >300 10 ± 1 < 20
T a b l e  4.3 A summary of the ordering temperatures for our single crystal of 
P r B a 2C u , 0 7.j  in its three oxygenation states, i.e. the Néel temperatures for the 
high-temperature and low-temperature copper spin ordered phases, T N! and TN2 
respectively ,  and the temperature onset of the diffuse scattering, associated 
with the short range Pr spin correlations.
a n dthe crysta l was o f  a higher quality, with fewer site substitutions 
impurities, we would expect, from previous evidence, the Pr spins to order at a 
higher temperature, with respect to the other Re ions.
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CHAPTER FIVE
MAGNETISATION DENSITY IN PrBa2C u 30 7.s.
5. 1  I n t r o d u c t i o n .
Polarised-neutron d if frac tion  has been used to examine the spatial 
d is t r ibu t ion  of the induced m agnetisa t ion  w ith in  single c ry s ta ls  of 
P r B a 2C u 30 7.s. This has enabled us to investigate the possible hybridisation of 
the Pr 4 /  electrons with  the C u 0 2 plane conduction electrons. If these 
covalency effects w ere  present, possibly localising  the superconducting 
charge-carrying holes within the planes and destroying superconductivity , 
we would expect to observe a departure from the normal behaviour of  the
induced magnetisation density for free Pr ions.
Prelim inary  po la rised -neu tron  inves tiga tions  were perform ed upon a 
small single crystal, o f  mass ~1.6mg, on D3B at the I.L.L. Later, a more 
extensive study was carried out upon a much larger single crystal, of mass 
-lOOmg, on Poldif at Saclay. In addition, a full structural study of the larger 
crystal, providing s tructura l information required in the analysis of the 
polarised neutron data, was performed on a four-circle diffractometer at Rise). 
Due to the small size of  the first crystal, which greatly restricted the number 
and accuracy of the measurable flipping ratios, and the absence of a full
structural study for th is  crystal, only limited conclusions could be drawn
from the preliminary study. Therefore the majority of this chapter will be 
concerned with the more extensive later study upon the larger crystal and 
the conclusions from the prelim inary  study will be included where 
a p p r o p r ia t e .
5.2  S t r u c t u r a l  R e f i n e m e n t .
In order to calculate  the magnetic structure factors from the flipping 
ratios, measured in the polarised neutron study, an accurate knowledge of the
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crystal structure and knowledge o f  the degree of  extinction in the crystal are 
required. Integrated nuclear intensities were measured, at room temperature, 
on the TAS2 four-circle diffractometer at R is 0  with neutrons of  wavelength 
1.013A. The structural, thermal and extinction  parameters for the crystal 
were refined using a weighted least-squares refinement approach. [Note : For 
convenience, this structural study was performed and the data analysed by Dr 
H. Casalta, Rise.]  The cell parameters and initial atomic positions were taken 
from a previous study of  PrBa2C u 30 7.s by  Jorstarndt et al. (1992) and the
structure refined assuming an orthorhom bic cell structure with space group 
Pmmm. In the analysis the anisotropic temperature parameters B u  and B22
were constrained to be equal for all the atomic sites except the 0 (4 )  and 0 (5)  
oxygen sites. The final refined atomic coord ina tes ,  site occupancies and 
anisotropic thermal parameters are given in table 5.1. As a result o f  the 
refinement the overall oxygen content o f  the  crystal was determined to be 
6.73 ± 0.02 oxygen atoms per unit cell, corresponding to 5 = 0.27 ± 0.02. The 
relatively low site occupancy o f  0.750 fo r  the C u ( l )  site  may possibly 
explained by the presence of  Al on this site, a product of the crystal growth in 
which A120 3 crucibles were used.
The extinction within the crystal was modelled using the Becker-Coppens 
extinction formalism assuming a Lorenztian mosaic distribution, (Becker and 
Coppens. 1974), (for a more detailed explanation of  extinction see section 
3.1.4). The degree of extinction was found to be relatively small, characterised 
by a mosaic spread of (0.076 ± 0.004) x 10‘4 rad, where the intensity reduction 
due to extinction  in the s trongest  re f lec tion ,  the (220) ref lection ,  was 
estimated to be only - 8 % .
Unfortunately, during the measurem ent o f  the integrated intensities, no 
specific scans where performed to search for evidence of  twinning within 
the crystal,  which is a consequence of  the assumed orthorhombic nature of 
the unit cell, (see section 3.3.4). Direct evidence would however have been
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c = 11.710
P r B a 2C u 3 0 7.8.
Space Group P m m m
Lattice Parameters (A) a = 3.873 b = 3.928
wR(F) (%) 6.2
6 0.27(2)
Atomic Coordinates.
x / a y / b z / c o c c u p a n c y
P r 0.5 0.5 0.5 0 .998(8)
Ba 0.5 0.5 0.1847(2) 0 .993(5)
C u ( l ) 0.0 0.0 0.0 0 .750(5)
Cu(2) 0.0 0.0 0.3509(1) 1.000
0 (1 ) 0.0 0.0 0.1537(2) 0 .909(5)
0 (2 ) 0.5 0.0 0.3702(1) 1.000
0 (3 ) 0.0 0.5 0.3689(1) 1.000
0 (4 ) 0.0 0.5 0.0 0 .666(7)
______9111______ 0.5 0.0 0.0 0 .247(5)
Anisotropic thermal parameters. (A2)
B,, B 22 B 33
P r 0.69(6) 0 .69(6) 0.69(8)
Ba 0.99(4) 0 .99(4) 0.85(6)
C u ( l ) 2.21(8) 2.21(8) 0.63(8)
C u(2) 0.54(2) 0 .54(2) 0.88(3)
0 (1 ) 3.32(8) 3.32(8) 1.90(8)
0 (2 ) 0.63(2) 0 .63(2) 1.13(5)
0 (3 ) 0.63(2) 0 .63(2) 1.13(5)
0 (4 ) 2.84(16) 1.50(16) 1.26(16)
0 (5 ) 1.50(16) 2 .84(16) 1.26(16)
Table 5.1: The lattice parameters and refined atomic coordinates, occupation 
factors and thermal parameters for orthorhombic PrBa2C u j 0 6 7} at 330K. The 
numbers in the parentheses are the uncertainties in the last digits.
difficult to obtain due to the orthorhombicity of the compound being small 
and the limited resolution of the diffractometer. This assumption is consistent 
with the structure of similarly oxygenated PrBa2C u 30 7.s and other R eB a ,C u30 7.5
crystals, (e.g. Jorstarndt et al 1990 and McIntyre et al. 1988). In the analysis of
our polarised neutron data, if this assumption was incorrect and the lattice
was tetragonal, there would be no effect upon our analysis although we would 
unnecessarily have restricted ourselves to the (hh/) subset of reflections.
5 . 3  C a l c u l a t i o n  o f  t h e  m a g n e t i c  s t r u c t u r e  f a c t o r s .
In our polarised-neutron study we measured a total o f  290 flipping ratios, 
for reflections of the type (hh/) of sin9/X < 0.8A, at 15K. When averaged over 
the equivalen t reflections these produced flipping ratios for 39 unique 
reflections, see table 5.2.
U nfor tuna te ly ,  because of instrum ental l im ita t ions  at the time, the 
structural study could only be performed at room temperature and therefore
in order to calculate the magnetic structure factors, from the flipping ratios 
measured at 15K, we had to account for the change in the structural and
thermal parameters with temperature. The effect o f  temperature on the 
atomic positions and site occupancies was assumed to be negligible and only 
the a n iso t ro p ic  tem pera tu re  param ete rs  were co n s id e red  to  change 
s ign if ican t ly  between 300K and 15K. By exami ni ng  the tem perature  
dependence of the anisotropic temperature parameters for the structurally 
s im ilar  Y Ba2C u 30 7 S compound, obtained from single-crystal and powder- 
neutron diffraction measurements (McIntyre et al. 1988, Hewat et al. 1987 and 
Sharma et al. 1991), a general scaling factor for the individual temperature 
parameters was calculated and applied to our values measured at 300K. 
Although a structural study at the same temperature as the polarised-neutron 
study would have been more suitable, a degree of confidence can be placed in
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R eflection , 
h k 1
F lipp ing
Ratio. FM(obs)
Spherical atom 
Model.
Aspherical atom 
Model.
FM(calc) AFm F y(calc) AFM
0 0 3 0.849(1) -0.326(3) -0.337 0.013 -0.327 0.002
0 0 4 0.901(2) 0.310(7) 0.314 -0.005 0.305 0.006
0 0 5 0.929(1) -0.234(4) -0.229 -0.005 -0.235 0.001
0 0 6 1.060(1) 0.314(3) 0.322 -0.009 0.317 -0.003
0 0 7 1.135(5) -0.277(9) -0.248 -0.028 -0.261 -0.015
0 0 8 1.059(2) 0.203(8) 0.206 -0.003 0.229 -0.026
0 0 11 0.961(2) -0.173(8) -0.125 -0.047 -0.133 -0.040
0 0 14 1.046(2) 0.153(12) 0.105 0.048 0.128 0.025
0 0 15 1.041(4) -0.066(7) -0.091 0.025 -0.068 0.002
0 0 16 1.034(15) 0.076(31) 0.100 -0.024 0.038 0.038
0 0 17 1.005(7) 0.010(10) -0.061 0.071 -0.030 0.040
1 1 0 1.228(4) 0.364(5) 0.378 -0.015 0.368 -0.004
1 1 1 0.806(2) -0.272(3) -0.268 -0.003 -0.267 -0.005
1 1 2 0.731(7) 0.264(7) 0.279 -0.016 0.253 0.011
1 1 3 1.127(3) -0.335(6) -0.300 -0.036 -0.325 -0.010
1 1 4 1.522(26) 0.294(11) 0.278 0.016 0.288 0.005
1 1 5 1.321(6) -0.190(3) -0.205 -0.014 -0.201 0.011
1 1 6 1.101(3) 0.291(8) 0.286 0.004 0.302 -0.011
1 1 8 0.908(3) 0.193(6) 0.184 0.009 0.180 0.012
1 1 12 1.043(3) 0.153(9) 0.142 0.011 0.133 0.020
1 1 13 1.061(5) -0.137(10) -0.127 -0.010 -0.106 -0.031
2 2 0 1.036(1) 0.306(8) 0.264 0.042 0.294 0.012
2 2 1 1.191(7) -0.174(6) -0.191 0.017 -0.190 0.016
2 2 3 0.890(3) -0.235(7) -0.216 -0.019 -0.246 0.010
2 2 4 0.921(4) 0.238(11) 0.198 0.040 0.276 -0.038
2 2 s 0.945(3) -0.171(8) -0.150 -0.022 -0.152 -0.019
2 2 6 1.048(2) 0.235(9) 0.207 0.029 0.234 0.001
2 2 7 1.079(4) -0.173(7) -0.164 -0.009 -0.148 -0.025
2 2 8 1.049(4) 0.164(11) 0.136 0.028 0.143 0.021
2 2 1 1 0.966(3) -0.146(1 1) -0.089 -0.057 -0.067 -0.079
2 2 14 1.033(6) 0.107(17) 0.075 0.031 0.052 0.054
3 3 0 1.154(9) 0.205(11) 0.160 0.045 0.193 0.012
3 3 3 1.085(6) -0.191(12) -0.135 -0.056 -0.172 -0.019
3 3 6 1.058(5) 0.144(1 1) 0.130 0.014 0.156 -0.012
3 3 8 0.948(7) 0.104(14) 0.087 0.016 0.127 -0.023
4 4 0 1.012(2) 0.084(12) 0.089 -0.005 0.098 -0.015
X2 -  n  o X2 = 6.73
Table 5.2 : The experimental flipping ratios and magnetic structure factors, FM(obs), 
in Bohr magnetons (p B) for the 36 unique reflections measured at 15K in a 4.6T 
applied field. FM (calc) and AFM are the calculated magnetic structure factors and 
(FM(calc) - FM(obs)) respectively for the most accurate models of the magnetisation 
density distribution assuming both spherical and aspherical atomic magnetisation 
density distributions. The numbers in the parentheses are the uncertainties in the 
last digits.
this approach due to the little effect different temperature parameter scaling 
factors had on the final modelled, magnetisation density distributions.
M agnetic  structure factors were calculated from the averaged flipping 
ratios, see section 2.7, using the scaled parameters of the structural study and 
by considering corrections for extinction, X/2 contamination, flipping ratio 
efficiency and the incomplete polarisation of the beam. Two reflections, the 
(001) and the (002), were omitted due to the high sensitivity of their magnetic 
structure factors on small structural changes. A further magnetic structure 
factor, corresponding to the (1 1 14) reflection, obtained from a small nuclear 
peak, was also neglected due to an inability to reasonably model this magnetic 
structure factor, in comparison to the rest of the calculated structure factors, 
with any model magnetisation density. The 36 calculated magnetic structure
factors modelled within our analysis are given in table 5.2.
5 . 4  D e t e r m i n a t i o n  o f  t h e  m a g n e t i s a t i o n  d e n s i t y  d i s t r i b u t i o n .
The magnetic structure factors are the Fourier  com ponents  of the 
magnetisation w ith in  the unit ceil, as described in section 2.7. However, 
simply taking the Fourier transform of the experimentally obtained magnetic 
s t ru c tu re  fac tors  is not a su itab le  m echan ism  for de te rm in ing  the 
magnetisation density distribution due to the limited data set available. Within 
such a Fourier transform unmeasured magnetic structure factors, which 
contain valuable information, are assumed to be zero which results in 
unnatural artifacts in the observed magnetisation density distribution. This 
problem is especially severe within our study as we were only able to measure
accurately 36 magnetic structure factors. An additional complication, due to 
the effect of twinning, is the restriction of the magnetic structure factors to 
the (hh/)  subset o f  reflections. As a result we were only able to model the
projec tion  of the magnetisation density d is tribution onto the [110 ] / [0 0 1) 
plane, see figure 5.1. Additional care had to be taken in interpreting the
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F igu re  5.1: The projection of quarter of the unit cell of PrBa2C u 30 7.4 onto the 
[110]/[001] plane.
modelled magnetisation densities  due the position o f  neighbouring atoms 
within this projection.
In our analysis we chose to calculate magnetic structure factors from a 
modelled m agnetisa tion  dens ity  d is t r ibu t ion  and refine the model by 
comparing the calculated and observed magnetic structure factors, FM( c a lc )  
and FM(obs) respectively. This ref inem ent process was performed using 
SFLSQ, a weighted least-squares  ref inem ent program of the Cambridge 
C rys ta l log raph ic  S ubrou tine  L ibrary, (B row n  and M atthewm an. 1993). 
Deficiencies in our model could be detected by examination of difference 
density plots, calculated by Fourier transforming the difference between the 
observed and calculated magnetic structure factors, F M(obs) - FM(calc). This
had to be performed with care and the observations not over interpreted as 
structure in the difference density plots may also have been caused by errors 
in the observed magnetic structure factors.
5 . 4 . 1  M o d e l l i n g  w i t h  s p h e r i c a l  f o r m - f a c t o r s .
Initially, in our modelling of the magnetisation density distribution we 
restricted the magnetic form factors to be spherical and assumed that the 
induced magnetic moments in the sample were restricted to the Pr sites. The 
form factor for a Pr3+ ion was taken from a previous polarised-neutron study, 
where the observed form factor was found to agree with the form factor 
calculated from relativistic Dirac-Fock radicals, (Lebech et al. 1979). Using 
this simple approach we were only able to model the observed magnetic 
structure factors relatively poorly as reflected by a X2 of 47.7, after the least- 
squares ref inem ent,
^ 2 _ I £  [F M(°bs) - FM(calc)]
n ob s " n p a r obs ( ° 0b«)2 ( 5 . 1 )
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where nobs and npar are the number of  observa tions  and parameters 
respectively and o 0bs is the error in FM(obs). The failure of this simple model 
to reasonably explain the magnetisation density distribution  can be seen
more clearly by comparing the observed magnetic structure factors with the
product of the Pr3 + magnetic moment and form factor, shown in figure 5.2 
(Note : A direct comparision between these two can only be simply made when 
there is only one type of magnetic species per unit cell).  The large 
discrepancies between the observed magnetic structure factors and the form 
factor can be possibly explained by the presence of  further magnetic ions
within the unit cell, a non-spherical form factor or more probably  a 
combination of these two. Examination of the difference density plot,  after 
refinement of this simple model, indicated that magnetisation density was also 
possibly concentrated on the Ba site.
A possible explanation of the presence of spin density on the Ba site is the 
substitution of a small percent of the Pr onto this site. It has been shown 
chem ically  by Soderholm  and Goodman, (1989) tha t the R e3* ion, in
R e B a 2C u 30 7.5, can be deliberately substituted onto this site, and due to the
similar ionic radii of Pr and Ba ions, it would seem more likely if any Re was 
to be unintentionally present on this site it would be Pr. Incorporation of a 
magnetic moment on the Ba site, corresponding to small percent of Pr on this
site, within our model, significantly improved the fit between the calculated
and observed magnetic structure factors. In this refinement X2 was minimised 
to 18.8, with a moment 8.7% the size of the moment on the Pr site. If we assume 
the same moment per Pr ion may be induced upon both atomic sites we may
equate this Ba site moment with an 8.7% Pr substitution, (Note: In future 
references to the substitution of Pr on to the Ba site this assumption will be 
made). Results from the earlier  polarised-neutron study, on the smaller
crystal, where a similar substitution 8% of Pr on the Ba site provided the most
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F ig u re  5.2: The 36 measured magnetic structure factors for PrBa2C u 30 7.8, at 
15K in a 4.6T applied field.. The solid line is the spherical magnetic form 
factor for a Pr3+ ion multiplied by the induced Pr magnetic moment, (Lebech
et al. 1979).
accurate model o f  the observed magnetisation density also support this 
substitu tion  hypo thes is .
Re-analysis o f  the integrated intensities of the structural study, allowing 
Pr to substitute on to the Ba site, resulted in a - 7 %  substitution and produced a 
similar quality  fit. Unfortunately due to the  similar neutron scattering 
amplitudes for Pr and Ba, 0.458 and 0.508 respectively, the actual presence of 
Pr on the Ba site could not be clearly resolved, (Casalta. 1993).
Further improvem ent in our modelled magnetisation density was achieved 
by allowing some magnetic moments to be present upon the Cu sites. The form
factors for the C u 2* ions, as with the form factor for the Pr3+ ion, were
assumed to be spherical (Brown. 1992). The refinement of  this model.
incorporating Cu moments on the two differen t Cu sites. resulted in an
improved fit between the observed and calculated magnetic structure factors
to give a X2 of  11.0. The magnetic moments found to describe most accurately 
the magnetisation density distribution were (0.34 ± 0.01) p B for the Pr3+ ion 
and (0.024 ± 0.003) p B and (0.006 ± 0.004) p B for the Cu ions on the Cu(l) and 
Cu(2) sites respectively. Additionally, (7.8 ± 0.4) % of the Pr moment was found 
to have substituted on to the Ba site, as similarly found in the previous models. 
From previously  reported susceptibility measurem ents of a PrBa2C u j 0 7 
powder the induced Pr moment in a 4.6T magnetic field may be calculated as 
0.29 p B, (Kebede et al. 1989). This value agrees closely with our observed value
considering  the experim ental e rror  of the measured susceptibility . The 
induced moments upon the C u(l)  and Cu(2) sites are similar in size to those 
reported by Boucherle et al. 1993, (0.027 ± 0.003) p B and (0.010 ± 0.002) p B 
respectively, induced  in the superconducting YBa2C u 30 7 compound in the 
same applied  f ie ld .  The quality  of the m odelled  magnetisation density 
distribution at this  stage is reflected by the reasonable agreement between 
the observed and calculated magnetic structure factors, as shown in table 5.2 
(spherical atom model). The improvement in our model with the systematic
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inclusion of magnetic moments on different atomic sites, can be clearly seen 
by examining table 5.3, which summarizes the individual models and their 
re f ined  param ete rs .  A v isua l  rep re se n ta t io n  of  the m o s t  accurate 
m agne t isa t ion -dens i ty  model was ob ta ined  by Fourie r  t ran s fo rm in g  a 
complete set of magnetic structure factors, corresponding to all possible 
reflections up to sin9/X = 1.25A, hence minimising the Fourie r  series 
termination effects, figure 5.3.
The possibility that the assumed spherical form factor for the P r3 + ions has 
a different radial dependence to that used so far within our analysis has been 
examined by modelling the magnetisation density using different forms of 
the form factor. To a first approximation the orbital and spin contributions to 
the overall magnetisation density of an Re ion can both be assumed to be 
sp h e r ica l ly  sym m etr ic ,  (B o u ch e r le  et al. 1982). Using th is  dipole
approximation the form factor, fM(k) may be expressed as
fM(k) = < j 0(k )>  + c2 < j 2( k ) >  (5.2)
where < j 0(k) > and < j 2(k) > are the spin and orbital form factors respectively, 
k is equal to sin9/X and c2 is a Re-ion-dependent constant. < j 0(k) > and < j 2(k) >
may be expressed by spherical Bessel functions and may be calculated from 
tabulated parameters, (Brown 1992). In the case of a P r  ion c 2 is equal to
1.644, (Boucherle et al. 1982). Using this representation of the form factor for 
P r 3 + ion, and allowing c2 to vary we failed to improve the agreement between 
the observed and calculated magnetic structure factors. (Note : the form 
factor calculated from equation 5.2, where c2 = 1.4, is almost identical to the
one obtained from Lebech et al 1979 and, as would be expected, resulted in the 
same modelled magnetisation density distribution.)
The X2 of 11.0, from our most successful model of the magnetisation density, 
suggests that the model is less than perfect and the data contains further 
significant information. Examination of the difference plot, corresponding to
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M o d e l P a r a m e t e r s
P r 3+ on the Pr site
Pr moment (pB) = 0 .34 (1 )  
X2 = 47.7
Pr'1+ on the Pr and Ba sites
Pr moment (pB) = 0 .34(1 )  
% of Pr on Ba site = 8 .7 (4 )
X2 = 18.8
P r 3+ on the Pr and Ba sites, 
C u 2+ on the Cu(l)  site
Pr moment (pB) = 0 .35(1 )  
% of Pr on Basite = 7 .4 (4 )  
C u ( l )  moment (p B) = 0 .028(3)
X2 = 11.3
P r 3+ on the Pr and Ba sites, 
C u 2+ on the Cu(l)  and Cu(2)
Pr moment (pB) = 0 .34(1 )  
% of Pr on Ba site = 7 .8 (4 )  
C u ( l )  moment (p B) = 0 .028(3)
s i te s Cu(2) moment (p B) = 0 .006(4)
X 2 = n . o
T a b le  5 .3 :  A summary of the f itting parameters and for X2 the various 
models as sum ing  a spherical a tom ic  m agnetisation density  d is tribution ,  
(Note: The % of Pr on the Ba site assumes that the induced moment upon both 
the Ba and  Pr sites are the same). The numbers in the parentheses are the 
uncertainties in the last digits.
F igure  5.3: The modelled magnetisation density distribution for PrBa2C u 30 7.8, 
a s su m in g  a sp h e r ic a l  a tom ic m agne t isa t ion  d e n s i ty  d is t r ib u t io n .  The 
distribution is calculated by Fourier transforming a complete set of calculated 
magnetic structure factors, (all possible reflections up to sin6/X = 1.25A'1). The 
contours surrounding the Cu(l) ,  Cu(2) and Ba sites are at 0.02 p BA 3 intervals 
and the contours surrounding the Pr site are 15 tim es larger, at 0.3 p BA '
i n t e r v a l s .
th is  model, suggests  that the  m agnetisa t ion  density  is not entirely 
satisfactorily modelled on the Pr and the Ba sites, see figure 5.4b. The effect of 
m issing reflections may be c lea rly  v isualised  by examining the Fourier 
transform of the calculated magnetic structure factors corresponding to the 
measured reflections, see figure 5.4a. The presence of magnetisation density 
at positions in the projection which has not been directly modelled is a direct 
co n sequence  of  the Fourier transform  assum ing  that m issing  magnetic 
structure factors are zero.
5 . 4 . 2  M o d e l l i n g  w i t h  a s p h e r i c a l  f o r m  f a c t o r s .
In an at tem pt to model the  magnetisation  density d is tribu tion  more 
ac cu ra te ly  we considered  a non -spher ica l  model of the magnetisation  
d is t r ib u t io n ,  in contrast to the  purely spherical approxim ation  so far 
employed. The aspherical magnetisation distribution of a magnetic ion, p, may 
be expressed using a multipolar expansion of the form,
P = i m (5.2)
w i t h
/ = 0 , 1 , 2 , . . .  and m = -/ , -/+!____0
w here  Y(/,m) is the spherical harmonic, < j ( > is the radial integral and a/1T1is 
the constant characterised by the operators / and m (e.g Kennedy et al. 1993 
or Warren et al. 1992). (Note: Y(0,0) is spherical and corresponds to the 
previous model.) The spherical harmonics which may be used to describe the 
angu lar  dependence of the magnetisation density are dictated by the site 
symm etry. The parameters a, m were determined using MPLSQ, a weighted 
le a s t - s q u a re s  re f inem en t  p ro g ra m  of  the C am bridge  C ry s ta l lo g rap h ic  
Subrou tine  Library (Brown and  M atthewm an. 1993), which refined the 
m odelled magnetisation density by comparing the calculated and observed 
magnetic  structure factors. W ith in  our analysis we restrained / to be no
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F ig u re  5.4: a) The Fourier transform of FM(calc) for the limited set o f  the 
observed reflections. The contours are from -0.009 p BA ‘3 to 0.012 p BA ' 3 at 
intervals of 0.003 p BA '3 and then at intervals of 0.006 p BA '3. b) The difference 
plot, i.e. the Fourier transform of FM(obs) - FM(calc). The contours are from - 
0.0009 p BA‘3 to 0.0018 p„A'3 at intervals of 0.0003 p BA‘3.
greater than 4, allowing us to model the magnetisation density distribution
with spherical harmonics up to a quadrupole nature.
Initially only the magnetisation distribution surrounding the Pr site was 
considered to be asymmetric, with the magnetisation density  upon the other 
magnetic sites restrained, as in our earlier analysis, to be spherical. Due to
the Pr site symmetry of  mmm the possible spherical harmonics, which may
be used to describe the angular dependence of the magnetisation density, are 
Y(/ = 2i, m = +2j), where i and j are integers 2 0, as shown in figure 5.5, (Kara 
and Kurki-Suonio. 1981). Unfortunately, as previously discussed, we were 
experimentally restricted to the subset of (hh/) magnetic structure factors. 
One serious consequence o f  this restricted set of magnetic structure factors is 
that we are only able to model the projection of the magnetisation density 
distribution onto the [110 ] /[0 0 1 ] plane. If we project ei ther  the Y(2,+2) or 
Y(4,+2) spherical harmonic onto this plane the positive and negative lobes 
cancel completely, as is apparent by examining figure 5.5. Therefore as there 
is no component of e i ther  of these spherical harmonics within this plane we 
are unable to determine their respective constants, a ,  + 2 anc* a4 and they
were set to zero even though they might contribute significantly to the 
overall magnetisation density. As a result, we were restricted to modelling our 
magnetic structure factors with a magnetisation density distribution at the Pr 
site, p Pr, expressed by
P  Pr = a 0.0 < Jo  > + a 2.0 < h >  Y ( 2 ’°>  + < U  > <a4.0 Y <4 ’0 > + a 4.*4 Y ( 4 ' + 4 »  ( 5 .2 )
where a0 „, a2 „, a4 „, and a4 +4 are the parameters refined within MPLSQ. The 
radial integrals for Pr3 + , expressed as Bessel functions, were taken from the 
International Tables for Crystallography, (Brown. 1991), and are shown in 
figure 5.6.
An improvement in the quality of the fit between calculated and observed 
magnetic flipping ratios was obtained using this aspherical approach to the
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F igu re  5.6: The radial integrals, < j ( > / = 0, 2, 4, for a Pr3+ ion.
Pr magnetisation density distribution and this is reflected by a decrease in X2 
to 9.37 from 11.0, the X2 corresponding to our most accurate model using 
purely  spherical form factors. The section  o f  the total sphe rica l  and
aspherical m agnetisa t ion  density  d is t r ib u t io n ,  in the [110]/[001] plane, 
surrounding the Pr s ite  is illustrated in figure 5.7, and was obta ined by 
Fourier transforming a complete set, up to sin0/X = 1.25 A, of  modelled
magnetic s tructure factors . The most str ik ing deviation from a spherical 
distribution is the presence o f  magnetisation density extending towards the 
Cu(2) sites. The induced Pr moment of (0.36 ± 0.01) p B, agrees closely with the
moments calculated upon  the same site using the earlier spherical form 
factor approach to the modelling of  the magnetisation density distributions, 
(see Table 5.3).
The modelled magnetisation density was further improved by allowing the 
magnetisation d is t r ibu t ions  surrounding the other atomic sites a lso  to be 
asymmetric. The most significant further improvement within our model was 
achieved with an asym m etric  modelling o f  the magnetisation distribution 
surrounding the Ba site .  A small distortion of  the magnetisation density is 
observed towards the Cu(2) sites, as is observed to a greater extent for the 
magnetisation density distribution on the Pr site, see figure 5.8. The induced 
moment upon this site o f  (0.36 ± 0.01) p B per Pr ion can be attributed to the
presence of  Pr ions on (8.0 ± 0.5) % of the Ba sites.
The most accurate model of our measured magnetic s truc tu re  factors 
resulted in a X2 o f  6 .73 where the m agnetisa t ion  density  d is t ribu t ion  
surrounding the Pr, Ba, C u ( l )  and Cu(2) sites were all asymmetrically  
modelled. Within this model the form of  magnetisation density distribution on 
the Pr and Ba sites remained the same as found in previous models where just 
the magnetisation dens ity  distribution on these sites was assumed to be 
aspherical.  The accuracy of this model is reflected in table 5.2, (aspherical 
model), where the ca lcu la ted  and observed magnetic structure factors are
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Figure 5.7: The section  of the modelled aspherical m agnetisation density 
distribution in the [110]/[001 ] plane surrounding the Pr site, for PrBa2C u 30 7.s.
The distribution is calculated by Fourier transforming a com plete  set of 
calculated magnetic structure factors, (all possible reflections up to sin6/X = 
1 .2 5 À '1). The contours are at 0.15 p BÂ '3 intervals.
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Figure 5.8: The section of the m odelled  aspherical magnetisation density 
distribution in the [110]/[001 ] plane surrounding the Ba site, for PrBa2C u 30 7 s.
The distribution is calculated by Fourier  transforming a complete set of 
calculated magnetic structure factors, (all possible reflections up to sin0/A. = 
1 . 2 5 À 1). The contours are at 0.02 n BÂ '3 intervals.
tabulated. T he  F ourie r  d iffe rence map af te r  the aspherica l refinem ent, 
(figure 5.9), shows the improvement in our model compared to the spherical 
refinement. Although residual magnetisation dens ity  is still present there is 
noticeably less residual density surrounding the  Ba and Pr sites than was 
found earlier  when we assume the form fac to rs  were spherical, see figure 
5.4b.
5 .5  D i s c u s s i o n .
The modelled magnetisation density surrounding the Pr site, see figure 5.7, 
is strongly aspherical and is elongated in shape towards the Cu(2) sites, the Cu 
sites within the C u 0 2 planes. Due to our limited data set and the restriction of
our m odelled aspherical magnetisation density  distribution to the projection 
onto the [ 110 ] / [0 0 1 ] plane due to twinning, we are unable to determine 
whether the magnetisation density distribution is only extended towards the 
Cu(2) sites or also towards the O sites within the C u 0 2 planes. From crystal field
calculations the charge density of the Pr ion has maxima which point towards 
the oxygen sites, which when projected onto the [110]/[001] plane would lead 
to bulges similar to those observed in the magnetisation density distribution, 
(Boo th royd . 1993). This observed  d ev ia t io n  from a purely  spherical 
distribution may be interpreted as evidence for the possible hybridisation of 
the Pr 4f electrons with the conduction electrons o f  the C u 0 2 planes.
The sizeable moment observed on the Ba s i te  can be explained by the 
presence o f  Pr ions on this site. By assuming the same moment, per Pr ion, 
may be induced on both the Ba and Pr sites the observed moment corresponds 
to the presence o f  Pr ions on -8%  of the Ba sites. The modelled magnetisation 
density surrounding this site is extended, by a small degree, towards the Cu 
sites in the C u 0 2 planes.
Ideally, in order to more accurately interpret our results, we would like to 
perform  a com parison  between our resu lts  and s im ilar  results  for a
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F ig u re  5.9: The difference plot, i.e. the Fourier transform o f  FM(obs) ■ 
F M(calc), for the aspherical atomic magnetisation density model. The contours 
are from -0.0009 p BA '3 to 0.0012 n BA °a t  intervals of 0.0003 p BA \
superconducting mem ber of the ReBa2C u 30 7.g family, e.g. NdBa2C u 30 7 in which
the magnitude o f  the spin and the structural parameters are very similar to 
P r B a 2C u 30 7. D ev ia t ions  which occurred  in the m agnetisa tion  density  
d is t r ibu t ion  w ith  P rB a 2C u 30 7 and not with NdBa2C u 30 7 could be  less 
unambiguously ascribed  to real magnetisation density distortions.
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CHAPTER SIX
THE PENETRATION OF A MAGNETIC FIELD INTO 
SUPERCONDUCTING LEAD.
6 .1  I n t r o d u c t i o n .
The superconducting properties of lead have been widely investigated in 
the past. This interest is partially due to its relatively high transition 
te m p era tu re  of  7 .2 2 K ,  the second  h ighest  am ongs t  the e lem enta l  
superconductors, and the deviation of  many of its superconducting properties 
from the behaviour predicted by BCS theory (Bardeen et al. 1957). Indications 
of the shortfall of BCS theory are reflected in the temperature dependence of 
the critical field (Finnemore et al. 1960) and in an energy gap which is much 
larger than predicted fo r  a weakly-coupled superconductor, (Giaever et al. 
1962).
A more accurate rep resen ta t ion  of  the experim ental results can be 
achieved by assuming a strong coupling between the electrons and phonons, 
(Nam. 1967a, 1967b). The consequences of this strong electron-phonon
coupling on the electrodynamic properties of superconductors, in particular 
on the magnetic field profile within the material,  have remained untested 
experimentally. This is mainly due to the indirect nature of the various 
m ethods of  m easuring  the m agnetic-f ie ld  penetration  depth ,  and the 
difficulties encountered in attempting to compare the results. These problems 
are reflected in the w ide range of  previously published values for the 
penetration depth, ranging from 390A to 630A. Because lead is a type I 
su p e rc o n d u c to r  the e v a lu a t io n  o f  the pene tra t ion  dep th  is fu rther  
complicated by the possibility of non-local effects.
The presence of a surface superconducting layer at magnetic fields above 
the crit ical field, predicted by Saint-James and de Gennes (1964), has been
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verified experimentally  for lead. H ow ever the investigation of the field 
penetration within this region was severely restricted before the advent of 
the technique of polarised-neutron reflectometry, and little information on 
the va l id ity  of theories describ ing the m agnetic  field p rofile  in a 
superconductor  could be achieved using the available indirect experimental 
t e c h n i q u e s .
The developm ent of polarised-neutron reflectometry by Felcher (Felcher. 
1981) has allowed a more direct investigation of  the field profile in the
regimes of both bulk and surface superconductivity. Early work on niobium 
yielded a bulk  penetration depth comparable to results obtained by other 
techniques (Felcher. 1984). E xperim ents  on a Pb0 992B i 0 008 alloy were 
su c ce ss fu l  in that they showed a c lea r  s igna l  from the  su rface
superconducting region (Gray et al. 1990). The analysis of the data was 
restricted though, due to doubts concerning the homogeneity of the sample 
and the ra ther  poor angular d ivergence of the neutron beam required to 
produce a measurable signal and it was not possible to fit accurate field 
profiles .  R ecent investigations have applied this  technique to h igh-Tc
sup e rc o n d u c t iv i ty  to measure the f ie ld  pene tra t ion  within Y Ba,_C u30 7 
(Mansour et al. 1989 and Felici et al 1987).
The use of lead samples in the present work was chosen to avoid the 
complications associated with a ‘d irty’ superconductor, such as Pb0 992B ‘o oos- 
where the impurity atoms break up the coherence of the electron pair 
wavefunctions. It was thus hoped to be able to apply the basic theory without 
modification, to test the theoretical predictions for the field profile in the
bulk and surface regimes in a pure type I superconductor. Additionally, the 
effects of strong coupling on the penetration depth within the bulk region, 
and deviations from local Ginsburg-Landau theory due to non-local effects in 
the surface superconducting region, can be examined.
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6 . 2  D a t a  a n a l y s i s .
The neutron reflectivities from a surface are dependent on the orientation 
of the neutron spin and on the chemical and magnetic profiles within the 
material, as described in section 2.8. The depth profile o f  the magnetic part of 
the refractive index for a superconductor is directly proportional to the
profile of the magnetic induction, and hence by measuring the polarised- 
neutron reflectivity in the region of total reflectivity the magnetic induction 
profile may be deduced.
The reflectivities cannot be given in a simple analytical form relative to 
the magnetic induction, due to the complexity of the transform, except in
particular limiting cases, e.g. R » 1  (Felcher. 1986). A more general treatment
of the problem is to imagine the Pb film to be a series of narrow layers each
of  constant magnetic induction, and hence refractive index. Because the
thickness of the Pb film, -5 0 0 0  A, is much larger than the penetration depth 
and coherence length for lead we could assume the film to be semi-infinite in
thickness. This method is an adaptation of the general behaviour of an 
electromagnetic wave passing through a stratified media, and is described in 
more detail in Appendix A. Within our analysis we divided the film into - 3  00  
layers each of the order of 10A in thickness, extending to one thick layer far 
from the surface where the magnetic induction could be assumed to be zero.
Additionally, it is not possible to derive an unique relationship between a 
single reflectivity curve and a magnetic field profile. In practice, analysis of
the data takes the form of a comparison of the reflectivity and flipping ratio 
cu rv e s  num erica l ly  ca lcu la ted  from model m agnetic  profiles with the 
ex pe r im en ta l  results .
In addition to the dependence of the reflectivity on the magnetic profile of 
the film, several sample and instrumental factors must be taken into account 
in the analysis of the raw data. The primary instrumental consideration is the 
d ivergence of the incident neutron beam which results in a distribution of
87
the incident angle of  the neutrons, A8, with respect to the sample surface.
Within our calculations this distribution of angles was assumed to be Gaussian 
and the resultant reflectivities are an average over this angular spread,
(Felcher et al. 1985). The effect of this is a blurring out of the features of the 
flipping ratio profiles.
A further sample consideration is the effect of the substrate. Each neutron 
will experience an abrupt change of refractive index at the  film-substrate 
interface due to the dependence of the refractive index on  the chemical 
profile. This can be modelled using a standard wave approach to reflection at 
an interface (Born. 1975). The reflectivity for the film and substrate system at
a wavelength X assuming a constant refractive index of the film, n, can be
approxim ated by
^  _ r 2 + 4- 2rfrs cos(4nz(n2 - cos28 ) 1/2/ X)
l + if  t f  + 2rfrs cos(4rcz(n2 - cos28 ) l/2/ X) ^
with Rf = I Tf I2 and Rs = I rs I2 ,
where R, and Rs are the reflectivities for the film and substrate respectively 
and z is the film thickness. The rapidly oscillatory nature of R is lost within 
the averaging of R over the spread of neutron incident angles. One reason for
the choice of silicon as a substrate is its low reflectivity compared to lead (b/V 
= 2.02 x 10'6 A’2 and 3.1 x 10'6 A'2 for silicon and lead respectively). In practice 
the effect of the silicon substrate is small due to the relatively large thickness 
of the lead film, and the total measured reflectivity behaves in a very similar 
manner to that of a bulk material.
An unavoidable feature of our lead films is the local undulation of the films 
su rface .  A s im ila r  effect is often encountered  in X -ray  ref lec tiv ity
experiments. The effect of this surface roughness is to scatter neutrons out o f
the incident and reflected beams resulting in a loss of reflected intensity. We 
have accounted for this surface roughness by modifying the calculated
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reflected intensity, I0(X.), with a Debye-Waller-like factor (Nevot and Croce. 
1980).
the refractive index at the surface of the lead film.
During the experiment the lead films were necessarily exposed to air for a 
short period of time while the samples were loaded into the cryostat. Lead 
oxidises very quickly and during the transfer a degree of surface oxidation 
will have resulted. Because of  the change in chemical profile that this oxide 
layer creates, the reflectivities needed to be modified. Analysis of the films to 
determine the composition of  the lead oxide layer was impossible due to the 
heavy oxidation of the films by water which condensed on the film surfaces 
during extraction from the cryostat.  Although a number of lead oxides are 
possible, we assumed the surface oxide to be the orthorhombic PbO form. This 
assumption is supported by X-ray studies (Matthews et al. 1975, Light et al. 
1974) on oxide layers on lead films, grown upon similarly-orientated silicon 
substrates. In our modelling we found the calculated profiles were only very 
weakly dependent on the oxide layer thickness, and we assumed the oxide 
layer to be 50A thick, a typical thickness found in previous studies.
In itia lly  the intention was to character ise the lead film outside the 
su p e rc o n d u c t in g  region by m easuring the sp in - independen t  ref lectivity  
above T c, in a zero applied field. In principle, by modelling the film in the 
simpler, normal metallic s tate , and taking into account the effect of the 
substrate and surface oxide layer, we would be able to obtain accurate values 
of the incident angle, 0 , the angular spread, A0, and the degree of surface 
roughness ,  < zD2> l/2. These sample and instrumental factors could then be
justifiably  assumed to remain constant throughout the experiment enabling
( 6.2)
where < z D' > 1/_ is the characteristic surface roughness parameter and n(0) is
8 9
us to directly compare individual flipping ratio profiles, at different applied 
m agnetic  f ields ,  above and  below the cr i t ica l  field of  the bulk
superconducting region, Hc. Unfortunately, experimental limitations proved 
this assumption to be wrong. Due to the large consumption of liquid helium 
required to maintain the cryostat at a constant temperature of T=1.5K, the 
cryostat needed refilling frequently. Later inspection of the data revealed 
small displacements of the reflectivity profiles with respect to wavelength 
which were caused by the most minimal contact with the cryostat during the
helium refilling procedure.
The original intention to characterise the film only at the beginning of 
the experiment was driven by the desire to maintain a precise and constant 
t e m p e r a tu re  th ro u g h o u t  th e  ex p e r im en t .  R a th e r  than ra is in g  the 
temperature above Tc before each run, in a new applied magnetic field, we
chose a simpler, but approximate, method to obtain the spin-independent 
ref lectivity . We assumed the average of the two separate neutron-spin
reflectivities would be s im ilar  to the spin-independent reflectivity in the 
normal state. This assumption stems from the form o f  the dependence of the 
refractive index on the neutron spin (see equation 2.43). Analysis of data, 
using this technique, taken in time periods without a helium refill support 
this assumption and give consistent results,  within experimental error, for 
the incident angle. Further fine tuning of the estimation of the true incident 
angle was possible when the individual spin reflectivities and the resultant 
f lipping ratio were considered during the full analysis of the data. This 
further refinement produced relatively small changes and the calculated
spin independent profiles maintained a good fit to the averaged reflectivities.
In contrast <zD2> 1/J and A 9 remained unchanged and were not fitted for each
2 1/2individual profile. For all profiles we achieved a surface roughness, <zD > 
equal to (100 ± 8) A, an angular divergence, A0, equal to 0.01°, and a variation 
in incident angle of between 0.293° and 0.303°.
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The dependence of the re f lec t iv i ty  profi les  on these sam ple  and 
instrumental factors is illustrated in figure 6.1. The data is an average of the
two spin-dependent reflectivities fo r  the film in a 5 .6 x l0 4 A m '1 applied field, 
(700 Oe). In each of the calculated profiles the effects o f  the 50A PbO surface 
layer and the silicon substrate are taken into account. The calculated profile 
is smeared out in the region o f  the crit ica l wavelength (5 .2A ) when an
angular spread of the incident neutron beam is assumed. The effect of surface 
roughness is to reduce the in tensity  o f  the ref lec ted  beam at small 
wavelengths. For each profile a unique set of values for 0, A8 and <zD2> l/2 can
be found. The fitted parameters for the profile of figure 6.1 were found to be 0 
= 0.293° ± 0.0005°, A0 = 0.010° ± 0.0005° and <zDV /2 = (100 ± 8) A.
Due to the difference in the  position of  the crit ical edge for each
polarisation  state, (see section 2.8), the ratio of  the spin independent 
reflectivities, i.e. the flipping ratio, deviates from unity. Within our analysis 
o f  the raw data the flipping ratios were mainly used in preference to the
individual spin reflectivities in evaluating the field profiles because the 
variation of the flipping ratio with X shows more structure. Care must be
taken with this approach to consider  the individual reflectivities as well as
the flipping ratios because it is possible to find a magnetic profile which fits
the flipping ratios well but which fails to describe accurately the reflectivity 
curves. The position of the flipping-ratio minimum reflects the accuracy of
the determined incident angle and could be used to refine its value. Within 
the bulk superconducting region it was found that the position of the 
flipping ratio minimum was insensitive to the chosen  field profile and 
dependent solely on the incident angle. This was found not to be the case in 
the surface superconducting region and will be discussed later.
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F ig u re  6.1: The calculated spin-averaged reflectivity of lead at 1.5K in a 5.6 x 
1 0 4 A m '1, (700 Oe), applied field (a 0.5pm  Pb film with a 50A PbO surface layer, 
on a Si substrate). The large points are the experimental observations. The
dotted line (....) represents the reflectivity for 9 = 0.293° ± 0 .0005° ,  the crossed
line (..... ) represents the same with the addition of  a Gaussian spread of
incident angles of A0 = 0.010° ± 0 .0005°.  The continuous line includes the effect 
o f  surface roughness where <zD:> l,2 = (100A ±8) A.
6 .3  T h e  b u l k  s u p e r c o n d u c t i n g  r e g i o n ,  (H < H c) .
6 .3 .1  R e s u l t s .
S ta t is t ica l ly -m ore -accu ra te  f lipping-ratio  profiles co u ld  be ob ta ined  at 
h igher  app l ied  fields where the difference be tw een  the ( + ) and (-) 
reflectivity curves is greater. Figure 6.2 shows the measured flipping ratios 
for the film in a 6.0 x 104 A m '1 applied field, (750 Oe). Various types of 
magnetic induction profiles were modelled and th e i r  ca lculated flipping 
ratios com pared to experiment. The most accurate f i t  to the data was a 
ca lcu la ted  f l ipp ing-ra tio  profile assuming an exponen tia l  decay o f  the 
magnetic induction, B(z), with respect to the depth from the surface of the 
f i l m
B(z) = p0 Ha exP ('z 1 V  (6-3)
where Ha is the applied field and Xp is the characteristic penetration depth,
(not to be confused with the neutron wavelength X,). This is the exact form 
appl icab le  to a weakly-coupled, BCS superconductor in the local limit, 
(Bardeen et al. 1957). An excellent fit is achieved at most wavelengths
assum ing  a penetra tion  depth of (3 9 0  ± 10) A. In terpreta tion  of the
effectiveness of the fit at lower wavelengths, X < 4.5A, is restricted due to the 
poorer quality of data. Due to the rapid fall-off of reflectivity with d e c r e a s in g  
wavelength, see figure 6.3 , the reflectivity at X = 4.5A was reduced to - 5 %  of 
the total reflectivity at higher wavelengths. Therefore it is difficult to say 
whether the tendency of  the fit to give a flipping ratio greater than unity is a 
real effect, or a result of our assumption that the film behaves as a series of 
layers of a constant magnetic induction. Figure 6.3 depicts the two separate 
spin reflectivities toge ther  with the modelled profiles calculated from the 
ex p o n te n t ia l  f ield  dec ay ,  (equation 6.3).  The agreem ent between the
calculated and the experimental curves is seen to be good.
92
Fl
ip
pi
ng
 r
at
io
 
(R
 /
 R
 )
.
Neutron wavelength (A).
F ig u r e  6.2: The observed flipping ratio for lead at 1.5K in a 6.0 x 104 Am 
(7 5 0  Oe), applied field. The continuous line represents a profile calculated 
from  an exponentially decaying magnetic induction profile, with A.p = (390 ±
10) A.
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F ig u re  6.3: The reflectivities for lead at 1.5K in a 6.0 x 104 A m '1, (750  Oe), 
applied field, a) spins down (-), b) spins up (+). The continuous lines 
represen t a profile calculated  from  an exponentia lly  decaying m agnetic  
induction profile, with A,p = (390 ± 10) A.
The high sensitivity of the flipping ratio to the pentration depth is 
illustrated in figure 6.4 where the modelled profiles, for an applied field of  6.0 
x 104 A m '1, calculated for exponential decays of  370A  and 410A are plotted
along with the experimental results.
Figure 6.5 shows the flipping ratio for the film in a 4.8 x 104 A m '1 applied 
field, (600 Oe). The shift in the position minimum, by -0 .3 A , from its position 
for the 6.0 x 104 A m '1 applied field can be accounted for by the small change 
in incident angle from 0 .293° to 0.303°. The calculated profile assumes an 
exponential decay of the magnetic induction, with a penetration depth of, in 
this case, 400A . At this field the purely exponential decay models experiment 
even at lower wavelengths.
By comparing the modelled profiles, calculated for an exponential decay of
390 A for all the profiles ,  to the measured flippings ratios we find a
satisfactory fit for all the measured applied fields, see figure 6.6. (The field 
profiles for the two lower applied fields, 2.0 x 104 A m '1, (250  Oe), and 4.0 x 104 
A m ' 1, (500 Oe), were not modelled independently due to the poorer quality of 
the data.) We may therefore may conclude that the field penetration in the 
bulk superconducting region of lead is accurately described, based on the fits
of the individual profiles, by a pure exponential decay of (3 9 0  ± 1 0 )  A.
During the m odelling of the flipping ratios, assum ing  an exponential 
decay, for the applied fields of 5.6 x 104 A m '1 and 6.0 x 104 A m '1, the calculated 
flipping ratios consistently fell below the data in the wavelength range of 
4.6A  to 4.85A . In order to investigate this shortfall in our model we attempted 
to model several var ia t ions of an exponentia l decay , namely smoothed 
exponential decays, to the experimential data. This approach would appear 
sensible as one effect o f  surface roughness may be to ‘round off’ the initial 
sharp decrease in the field profile at the films surface. A small improvement 
on the modelled profile in the range of 4.6A  to 4.85A , for a 5.6 x 104 Am 
applied field (see figure 6.7), was obtained by using an exponential decay, X.p =
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Figure 6.4: The observed flipping ratio for lead at 1.5K in a 6.0 x 104 A m '1, 
(700 Oe), applied field. The sensitivity of the flipping ratio to variation in the 
pene tra t ion  depth is i l lus tra ted  by the two profi les  ca lcu la ted  from 
exponentially decaying magnetic induction profiles, with Ap= 370 A and 410 A.
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F ig u re  6.5: The observed flipping ratio for lead at 1.5K in a 4.8 x 104 A m '1, 
(600 Oe), app l ied  field. The continuous line represents a profile calculated 
from an exponentially  decaying magnetic induction profile, with Xp = (400 ±
10) A.
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Figure  6.6: The evolution of the flipping ratio with increasing applied field, 
in the bulk superconducting region. For each applied field the continuous 
line represents a profile calculated from an exponentially decaying magnetic
4
induction profile, with = (390 ± 10) A.
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F ig u re  6.7: The observed flipping ratio for lead at 1.5K in a 5.6 x 104 A m '1, 
(700 Oe), applied field. The continuous line represents a profile calculated 
from an exponentially decaying magnetic induction profile, w ith  X = (400 ± 
10) A., and the dotted line representss a profile calculated from a smoothed 
exponential decay, with Xp = (330 ± 10) A.
330A, smoothed over a 40A  range and shifted so the critical edge of the decay 
remained at the interface. Figure 6.8 shows a comparison of  this smoothed 
decay with two pure exponential decays, penetration depths o f  330A and 390A. 
It can be seen  that the behaviour of the smoothed decay more closely 
resembles that o f  the exponential decay with penetration depth of 390A , 
although slightly displaced with depth. This is not surprising as the modelled 
flipping ratio profiles, heavily dependent on the slope of  the magnetic 
induction decays ,  are very similar. Unfortunately flipping ratios calculated 
from the im proved modelled profile deviate more seriously from the data at 
lower w avelengths than the flipping ratio profile modelled on an purely 
exponential decay . We can therefore conclude that to within the overall 
statistical accuracy of the data a smoothed exponential decay does not provide 
a better overall fit than a pure exponential decay.
6.3.2 D i s c u s s i o n .
For each of the applied fields below Hc a purely exponential decay, with a 
characteristic penetration  depth of (390 ± 10) A, described the magnetic 
induction pro fi le  well. As expected the penetration depth showed no field 
dependence, w ith in  experimental error.
6 .3 .2 a  N o n - l o c a l  e f f e c t s .
At an initial inspection, the use of a purely exponential decay of field, 
characteristic o f  Londons' local theory (London and London. 1935), appears 
contradictory to  the non-local approach first proposed by Pippard (Pippard. 
1953) and implicit in BCS theory (Bardeen et. 1957).
Within L o n d o n s ’ approach a local re la tionsh ip  between  the current 
density and f ield  within a superconductor results in an exponential decay of 
the field, character ised  by the London penetration depth A.L. Within BCS
theory the supe rconduc t ing  order  parameter changes gradually  over a
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Depth from surface (A).
F ig u re  6.8: The modelled magnetic induction profiles for lead in a 5.6 x 104,
(7 0 0  Oe), A m '1 applied field. The continuous line represents a smoothed 
exponential decay, with X = 330A (Note: the profile was smoothed over a 40 A 
range, with the critical edge shifted so it remained at the interface.), the
d o tted  line ( ) rep re sen ts  an ex p o n en tia l decay , w ith  Xp = 330A and the
crossed line ( ) represents an exponential decay, with Xp = 390A.
certain length 4, the coherence length, which can be thought of as the size of 
the Cooper pairs, the superconducting charge carriers. If \  > X.L then the local 
relation of Londons’ approach is no longer valid and must be replaced by a 
non-local relationship. The assumption of this non-local relation between the 
current and field leads to a deviation from the exponential behaviour of the 
magnetic field, with a possible sign reversal of the field at a sizeable distance 
away from the surface, (Sommerhalder and Thomas. 1961a, 1961b). This sign 
reversal, and hence the demonstration  of a non-local Meissner effect has 
been found experimentally in tin, (Drangeid and Sommerhalder. 1962). 
Further calculations by Halbritter (Halbritter. 1971) show the dependence of 
the non-local effects on K, where K = X.L/^, and predict their occurrence even 
in type II superconductors with K < 1.6. Within this framework, lead, with K ~ 
0.5 at 1.5K, should exhibit non-local effects and show a deviation from a 
exponential decay. Assuming K = 0.5 the calculations by Halbritter predict a 
sign reversal of field at a depth “ 5.5 X.L, reaching a maximum negative field of 
0.1% of the applied field. These effects are very small and understandably not 
observed in the present experiment.
The consequences of non-locality is much greater at lower values of  K 
where, for example, a sign reversal o f  -3 %  of the applied field is possible at 
depths > 4.5A.L for K < 0.01. Due to the surface nature of this technique the field 
profile close to the surface dictates the shape of the flipping ratio profile. The 
effect of the field profile deeper in the material is illustrated in figure 6.9. 
The flipping ratio has been calculated for a superconductor in a 4.8 x 104 Am 1 
applied field where the exponential decay, Xp = 390Á, abruptly undergoes a
sign reversal at a depth z. It can be seen that the effect at depths greater than 
4X p ( - 1 2 0 0 Á )  is negligible and therefore to observe a field reversal using 
polarised-neutron reflectivity a material with a very low K and low k p w o u ld  
be needed.
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F ig u re  6.9: The minimum o f  the flipping ratio curve obtained from a 
modelled exponential decaying field profile (Xp = 390A ) which undergoes a
field reversal at a depth z. This figure shows the insensitivity of  the
polarised-neutron reflectivity to details at depths > -  4Xp below the surface.
6 . 3 . 2 b  C o m p a r i s o n  o f  t h e  o b s e r v e d  p e n e t r a t i o n  dep th  with
theory a n d  p r e v i o u s  e x p e r i m e n t a l  r e s u l t s .
Previous indirect experimental techniques for measuring the penetration 
depth have failed to produce consistent results, and therefore it has been
difficult to compare theory and experiment. An important consideration is 
that different techniques do not always measure the same penetration depth, 
and hence the results are often not directly comparable. Several techniques 
use measurements taken at temperatures close to Tc to determine the 
penetration depth. In this region of T = Tc, the London limit, % «  A. applies,
and the measured penetration depth is equivalent to the London penetration 
depth, A,l (0). In contrast,  o ther techniques, inc lud ing  polarised-neutron  
reflectivity, measure the penetration depth sufficiently away from Tc, where 
the London limit fails to hold, and hence they measure the bulk penetration
depth. We may check the consistency of our results with theory and previous
results by calculating the equivalent penetration depths, (Egloff et al. 1983).
A summary of the various penetration depths is given Table 6.1.
Our measured bulk penetration depth, at T=1.5K, is approximately equal to 
Ap(0) if we assume a Gorter-Casimir temperature dependence of Ap(t), (Gaunt
et al. 1948), where Ap(t) = A.p(0) (1 - ( t/tc)4)“1/2 or equivalently  use the 
tabulated temperature dependence of k p(t) calculated by Muhlschlegel using 
BCS theory, (Muhlschlegel. 1959).
In order to calculate the London penetration depth, X.L(0), we may use the 
results of BCS theory, produced graphically in their  original paper where
Ap(0)/A L(0) is shown as a function of l;o/X.L(0), see figure 6.10 (Bardeen et al. 
1957). In order to use these BCS graphs we need to know the coherence 
length. The value for has been quoted as lying between 830Á, calculated 
theoretically  from BCS theory assuming weak coupling, (Bardeen and 
Schrieffer. 1961) and 1290Á, in the extreme limit applying strong coupling
corrections, (Kerchner and Ginsburg. 1974). lj0 may be calculated from the
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Me a su re d  (A) Ca lcu la t ed  (A)
M ° > A.,.(0) >-„(0) X i . ( 0 )
E x p e r i m e n t T e c h n i q u e
Simon. 1950 s u r f a c e
im p e d a n c e
540 - - -
Lock. 1951 m a g n e t i s a t i o n 390 - - -
Cody and Miller. 1968 m a g n e t i s a t i o n 440 - - -
Peabody and Meservey. 
1972
Q u a n tu m
I n t e r f e r e n c e
557 - - -
Gasparovic and 
McLean. 1970
P a ss iv e
r e s o n a t o r
- 305 - -
Kerchner and 
Ginsburg. 1974
Magnetic field 
a t t e n u a t i o n
- 315 453 -
Onuki et al. 1976 M ic ro w a v e
im p e n d e n c e
- 370 - -
Mende et al. 1977 s u r f a c e
im p e d a n c e
480 - - -
Egloff et al. 1983 I n d u c t a n c e - 400 525 -
Present work. p o la r i s e d - 390 - - 280
n e u t r o n
r e f l e c t r o m e t r y
T h e o r y
Swihart and Shaw 1972 - - 405 269
Tab le  6.1 : A summary of previously measured and calculated penetration
depths for superconducting lead.
F igure  6.10: The ratio of Xp(T)/X L(T) vs. Ç0/XL(T) for ,he boundary conditions 
of random, or diffuse, scattering and specular reflection and for temperatures 
near T = 0 K and near T= Tc, (from Bardeen et al. 1957).
Fermi velocity, o f, and the energy gap, A 0, both averaged over the Fermi 
surface, using the relationship i,0 = lruf/7EA0. A number of techniques allow a 
reliable estimation of u f = 0 .61xl08cm/s to be made for lead, (Gasparovic and
McLean. 1970). A widely accepted value for 2A0 for lead is 4.3kTc, which has 
been measured accu ra te ly  in infrared  and tunnelling  experim ents  and 
ref lec ts  the s t ro n g  coupling  nature  o f  lead, ( in  a w eak -coup ling  
superconductor, in the BCS limit, 2A0/k T c = 3.53). Assuming these values for A0 
and u f we can calculate = 960A. If we assume the scattering in a bulk lead
sample to be diffuse rather than specular, (Swihart and Shaw. 1972), we can 
extrapolate a value of A.L(0) = 280A from the BCS graph, corresponding to k p(0 )  
= 390A and ¡;0 = 960A . Corrections to the penetration depth due to the effect of 
impurities (Miller. 1959) may be neglected if we assume lead to be a pure
superconductor where the mean free electron path is much greater than the 
coherence  length.
One group of experimental techniques derive the actual bulk penetration 
depth at T=0, A.p(0). The earliest measurement of Xp(0) of (390 ± 30) A was 
derived from the temperature dependence of the magnetic susceptibility of 
thick lead films, (Lock. 1951). Later, similar measurements found k p(0) = 44()A, 
(Cody and Miller. 1968). Still more recent measurements, using a quantum 
interference technique, obtained a much higher value of 557A after sizeable 
corrections for non-local effects (Peabody and Merservey. 1972). In contrast,
our result of X,p(0) = (390 ± 10) A agrees  favourably  with the early
m e a s u r e m e n ts .
As described earlier ,  a second group of  techniques derive the penetration 
depth in the region where the London limit, «  A.p applies, and the measured 
penetration depth is equivalent to k L(0). These results show little consistency 
other than being smaller th a n * k L(0), and fail to elucidate either the weak or
strong coupling nature of lead. Measurements by Gasparovic and McLean. 
1970, using radio-frequency fields, lead to a value of XL(0) = 305A  and a
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temperature dependence of X.L described well by weak-coupling BCS theory.
Later m easu rem en ts  o b ta ined  from  a m icrowave surface impedance 
technique support this weak-coupling approach and find X.L(0) = 370A , (Onuki
et al. 1976). In con tras t  to these  results experiments measuring the 
attenuation of a dc magnetic field by cylindrical thin films have found lead to 
exhibit a strong-coupling  behaviour and A.L(0) = 315A, (Kerchner and
Ginsburg. 1974). By calculating A.L(0) from our results, assuming strong 
coupling as discussed above, we find X.L(0) = 280A, a lower value than previous 
e x p e r im e n t s .
Theoretical calculations of  the various penetration depths of lead have 
been made and compared for both a weak-coupling and a strong-coupling 
approach, (Swihart and Shaw. 1972, Swihart et al. 1965). In the case of the 
strong coupling this has involved the application of the theory proposed by 
Nam, (Nam. 1967a, 1967b). Our measured value of k p = (390 ± 10) A is in good
agreement with the theoretical value of 405A  assuming strong coupling
within lead. Additionally our calculated value of XL(0) = (280 ± 10) A, using the
simplified approach described above, also agrees well with strong-coupling
theory, where A.L(0) = 269A.
6.4 T h e  s u r f a c e  s u p e r c o n d u c t i n g  r e g io n ,  (H  > H c) .
6.4.1 R e s u l t s .
The trans i t ion  from the bulk superconducting  s tate to a surface 
superconducting state in an applied field can be seen in the change of the 
shape of  the flipping ratio profiles and, more dramatically, by the change in 
the integral of the polarisation, P, over momentum transfer, where P = (R* - 
R ') /(R  + + R"), with applied field (see figure 6.11).
Below an applied field of  6.0 x 104 Am'1 the integrated polarisation, P(,
mimics the form of the measured magnetisation curves for lead below the 
critical field, Hc (see Lock. 1951), i.e. P, increases in proportion to H. This is
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Figure  6.11: The integral of the polarisation, P, over momentum, k0, plotted 
against the applied field. Hc is the critical field for the bulk superconducting 
state and Hc] is the critical field for the surface superconducting region.
not unexpected as the po la risa t ion  is d irec tly proportional to the
m agnetisation  if the magnetic induction profile is assumed to remain
unchanged (Gray et al. 1990). Experimentally we have found that an
exponential decay, with a constant penetration depth, accurately describes 
the bulk superconducting region and supports this assumption. Above 6.0 x 
1 0 4 A m '1 a sharp change in P| occurs, and is interpreted as the transition to 
the surface superconducting state. Using this criteria we obtained a value of 
(6.13 ±0 .15)  x 104 A m '1 for Hc from figure 6.11.
Within Ginsburg-Landau theory, a local theory which allows us to calculate 
the field profile within a superconductor, the upper critical field of the 
su r face  su p e rc o n d u c t in g  region, Hc3, is related to Hc and K for a type I 
superconductor by the expression Hc3 = 2.4 K Hc (Saint-James and de Gennes. 
1964). By extrapolating the fall of Pj to zero, in figure 6.11, we were also able 
to estimate the value of Hc3 as (8.12 ± 0.25) x 104 A m '1 and hence we calculate K 
to be 0.552 ± 0.005 at 1.5K.
Superficially, the dependence of P, on applied field seems to resemble the 
bulk m agnetisation curve for a conventional type II superconductor. This 
similarity is misleading. For a type II material P, would be expected to behave
in a similar way in the mixed state as in the bulk superconducting state due to 
similar field penetration at the surface. Additionally small oscillations in the 
individual reflectivity curves would be expected due to scattering from the 
flux lattice, which is also responsible for the persistence of magnetisation 
between the lower and upper critical fields in a type II material.
Above Hc the magnetic-field profile of the sample was modelled in a similar
manner to that measured within the bulk superconducting region, described 
previously in section 6.2, taking into account the effects of the substrate and 
surface oxide layer. Two different approaches were used in the analysis of the 
individual flipping ratios within the surface superconducting region. First a 
curve which accura te ly  described the experim ental flipping ratios, but
which bore no direct relationship to theory, was obtained from an empirical 
relationship between the magnetic induction, B, and depth from the surface,
z,
B(z) = p0 Ha ( 1 - a  z exp( -z2/p2) ) (6.4)
where Ha is the applied field and a  and p are variable parameters. Magnetic 
field profiles of this purely empirical form were found to describe the raw 
data reasonably accurately, see figure 6.12a, for the 6.25 x 104 A m '1 (785 Oe), 
6.7 x 104 Am'1 (840 Oe) and 7.0 x 104 A m '1 (880 Oe) profiles.
A second approach used theoretical field profiles derived from Ginsburg- 
Landau theory, see section 1.3. For this purpose the non-linear Ginsburg- 
Landau equations, (Gray. 1983) were solved using an iterative process and a 
unique solution reached which minimised the Gibbs' free energy, (Felici and 
Gray. 1984). A direct comparison between theory and the experimental results 
proved difficult. To calculate the field profiles in the surface superconducting 
region by Ginsburg-Landau theory one needs to know two of the variables K, 
Xp and Hc, and then the third one is determined by the relationship
K  =  2 1 / T ti
f 0h c^
(6.5)
where the magnetic flux quantum Q0 = h/2e. The Ginsburg-Landau equations 
then give B(z) for a given Ha. Unfortunately our experimental values for Hc, K 
and Xp, given previously, are inconsistent with this relationship. If we are to 
proceed with the Ginsburg-Landau theory we must allow one of the three 
parameters to change. In order to generate sensible field profiles we needed 
to ensure that the theoretical value of Hc, was within our experimental range, 
(6.13 ± 0 .1 5 )  x 104 A m '1 and also that Hc, K and Xp satisfied equation 6.5. Above 
H c the most accurately determined flipping ratios were obtained in an applied 
magnetic field of 6.7 x 104 A m 1, see figure 6.13, and initial attempts to model
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F ig u re  6.12: The modelled field profiles plotted as a function of distance z 
from the surface, with Xp = 390 A, for the surface superconducting region, a)
using a general em pirical form for the  field profile  and b) profiles 
theore tically  ca lcula ted  from Ginsburg-Landau theory.
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F igu re  6.13: The observed flipping ratio for lead at 1.5K in a 6.7 x 104 A m '1, 
(840 Oe), applied field. The continuous line represents the calculated flipping 
ratio from a field profile theore tically  calculated from Ginsburg-Landau 
theory, (Note: the same field profile may be calculated for each K using the 
correct Hc).
the experiment data, using Ginsburg-Landau theory, concentrated upon these 
m e a s u r e m e n t s .
In our initial attempts to model theoretically the flipping ratios, K was 
assumed to be 0.552, obtained from the critical fields, and X.p set to 415A  in 
order to satisfy the requirement that Hc, = 6.13 x 104 A m '1. Using this approach 
we were unsuccessful at modelling our measured flipping ratios.
A second  theore tical approach  which also  sa tisf ied  the theore tica l  
requ irem en ts  involved fixing Xp = 390A , the value found in our earlier 
analysis of the bulk superconducting region, and setting K to 0.503, to satisfy
equation 6.5. Initial attempts to theoretically model the flipping ratio profile 
using this technique again resulted in a poor match to the data although
there was a marked improvement over our initial attempts.
Furthe r  investigations revealed that the modelled f lipping-ratio  profile
was highly sensitive to the value o f  K. Small changes in K produced sizeable 
deviations in the minimum value o f  the flipping ratio. We then were able to 
model accurately the data using a field profile generated with a K = 0.497, a 
value within the experimental error of the observed value. Fixing k p and Hc to 
within their  experimental uncertainties and allowing K to vary seems to be 
the most sensible approach. F irs t  because A.p was obtained using a pure
exponential decay which was found to be virtually exact even when non-local 
and strong-coupling effects are present and secondly, Hc fixes the magnetic 
field scale so that all applied fields can be related to Hc, i.e. allowing Hc to be 
greater than 6.4 x 104 A m '1 would mean the 6.25 x IO4 A m '1 profile
corresponded to bulk superconductivity. Although a close fit to data  was 
achieved for the 6.7 x 104 A m '1 profile (see figure 6.13) the calculated field 
profiles, assuming K = 0.497, for the other applied fields failed to agree well 
with experiment. The major ‘shortfall of this approach occurred at higher 
applied fields where the modelled flipping ratio profiles consistently fell well 
below measured flipping ratios. This is not surprising because theoretically a
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K of 0.497 corresponds to a Hc3 of 7.40 x 104 A m '1, see equation 1.12, which is 
much lower than the value for Hc3 of (8.12 ± 0.25) x 104 A m '1 estimated from 
figure 6.11.
One solution to the problem of the inconsistency amongst the experimental 
values for Hc, Hc3> K and Xp was to assume that equation 6.5 was valid at Hc and 
then model the f lipping-ratio  profiles individually, allowing K to vary. The 
value of  K which allowed us to most accurately model the strongest flipping 
ratio above Hc, the 6.7 x 104 A m '1, (785 Oe), applied-field profile, was found to 
be heavily dependent upon the actual value o f  Hc. In order that K behaved 
smoothly with an increasing applied field, Hc was fixed equal to 6.09 x 104A m " 1 
(765 Oe), remaining within the experimental limits of the observed Hc, so that 
the K calculated from equation 6.5 of 0.497 matched the K which provided the 
most accurate model of the 6.7 x 104 Am 1 applied-field profile, see figure 6.14.
Due to the sensitivity of the calculated profiles upon K , as illustrated in 
figure 6.15, we were able to model the observed flipping-ratio profiles more 
accurately than had been possible using a purely  em pirical form of the 
magnetic induction, e.g. the 7.0 x 104 A m '1, (880 Oe) applied-field profile, as is 
shown in figure 6.16. In addition, using this approach we were also able to 
reasonably model the 7.2 x 104 A m '1, (900 Oe), and 7.6 x 104 A m '1, (950 Oe), 
applied field profiles. The evolution of  the observed flipping-ratio profiles 
with an increasing applied field is shown in figure 6.17. The only observed 
profile which could not be modelled using this approach was one measured in 
a 8.0 x 104 A m '1, (1000 Oe), applied field, where no flipping ratio is directly 
observable and the only  indication of  the continuing existence of the surface 
superconducting region is from the integral o f  the polarisation.
As would be expected ,  K was found to increase as the applied field 
increased, forcing the superconducting layer to persist up to higher applied 
fields. Although, K was only found to deviate strongly from its value at Hc at
high applied fields, see figure 6.18.
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Neutron wavelength (À).
F igu re  6.14: The observed flipping ratio for lead at 1.5K in a 6.25 x 104 A m 1, 
(785 Oe), applied field. The continuous line represents the best fit to data 
using a general em pirical form for the field p ro fi le .  The dotted line 
represents the ca lcula ted  flipping ratio from a f ield  profile theoretically  
calculated from Ginsburg-Landau theory, for a superconductor with 1C = 0.497, 
(Hc = 6.09 x 104 A m '1).
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F i g u r e  6.15: The observed flipping ratio for lead at 1.5K in a 6.7 x I04 A m 1, 
(840 Oe), applied field. The sensitivity of the flipping ratio to small variations 
in the value of K is illustrated by the two theoretical profiles, calculated from 
Ginsburg-Landau theory, for a superconductor with tc = 0.497 and K = 0.501, (Hc 
= 6.09 x 104 A m 1).
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F ig u re  6.16: The observed flipping ratio for lead at 1.5K in a 7.0 x 104 A m '1, 
(880  Oe), applied field. The continuous line represents the best fit to data 
us ing  a general em pirica l form for the field profile.  The dotted line 
represen ts  the calcu la ted  flipping ratio from a field profile theoretically  
calculated from Ginsburg-Landau theory, for a superconductor with K = 0.502, 
(H c = 6.09 x 104 Am ').
w a v e l e n g t h  (A)
F ig u re  6.17: The evolution of the flipping ratio with an increasing applied 
field, in the surface superconducting region. For each applied field the 
continuous line represents the field profile theoretically  calculated from 
G in sb u rg -L a n d au  theory.
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F ig u re  6.18: The variation o f  K with applied field, from fits to the individual 
f l ip p in g - r a t io  p ro f i le s ,  th e o re t ic a l ly  ca lc u la ted  from G in sb u rg -L a n d a u  
t h e o r y .  •
The theore tically -m odelled  flipping ratio, shown in figure 6.14, and 
calculated from Ginsburg-Landau theory, assuming K = 0.497 and Hc = 6.09 x
104 A m '1, provides a more accurate model of the experimental 6.7 x I04 A m '1 
applied-field profile than was obtained using a purely empirical form of the 
magnetic induction. A comparison of the two magnetic induction profiles, 
f igure 6.12, appears to suggest the ca lcu la ted  flipping ratio is quite 
insensitive to the form of the field profiles, contrary to our previous claims. 
This is largely due to the similarity between the two field profiles near the 
surface, i.e. a very similar gradient, which is the region which most heavily 
influences the f i lm 's  reflectivity.
6 . 4 . 2  D i s c u s s i o n .
For each of the applied fields above Hc we were able to model the measured 
flipping ratios reasonably accurately with a magnetic induction profile of a 
purely empirical form. Using a theoretical approach based upon field profiles 
calculated from the local Ginsburg-Landau theory, and allowing K to vary, we 
were able to more accurately model our experimental data.
6 . 4 . 2 a  S u p e r c o n d u c t i n g  p a r a m e t e r s .
Experimentally we obtained Hc = (6.13 ±0.15) x 104 A m '1 from the plot of the
integrated polarisation against field. In order to compare this to previous 
results we used the Gorter-Casmir relationship, where HC(T) = HC(0)(1 -
( T / T c) 2), to determine Hc(0). This relationship has been experimentally found 
to describe the temperature dependence of Hc accurately (R osenb lum  and 
Cardona. 1964a). Our calculated value of Hc(0) =(6.41 ±0 .15) x 104 Am 1 agrees 
closely with the widely quoted value of Hc(0) = 6.37 x I04 A m '1 (Tilley and 
Tilley. 1986).
k, for type I superconductors, has been previously calculated from the ratio 
of HcJ to Hc obtained during investigations into the surface superconductivity
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state . Therm al and e lec tr ica l  conduc tiv i ty  m easurem ents ,  (Se idel and 
Meissner. 1965), produced a value of K = 0.563 at I.5K for lead which agreed 
well with the earlier measured value of 0.56, obtained using a microwave 
surface-impedance technique (Rosenblum and Cardona. 1964b). A value of K 
which is inconsistent with these results was obtained from susceptibility 
measurements on lead-bismuth alloys at 4.2K where K for pure lead was 
extrapolated to be 0.38 from the behaviour of K for the alloys (Strongin et al. 
1964). We may scale this to K = 0.43 at 1.5K using the relationship K(T) = K(0)(1 
+ T/Tc)‘ l/2 which closely models the temperature dependence of  K (Paskin et 
al. 1964). The inconsistency in this result may be due to fact that one is not 
able to extrapolate K for pure lead directly from the behaviour of K for the 
alloys. The value for K we obtained from the ratio of the critical fields, 0.552 ± 
0.005 agrees well with the earlier results on pure lead. Additionally, due to the 
simple interdependence of K, Hc3 and Hc,we may also conclude that a Hc 3 o f  
(8.12 ± 0.25) x 104 A m '1 agrees well with previously obtained results.
6 . 4 . 2 b  V a l i d i t y  o f  l o c a l  G i n s b u r g - L a n d a u  t h e o r y .
The analysis o f  our data within local Ginsburg-Landau theory initially 
proved difficult due to inconsistencies amongst our experimental results for 
Hc, Hc3 and kp, (6.13 ±0.15) x 104 A m 1, (8.12 ± 0.25) x 104 Am'1 and (390 ± 10) A
respectively. The simplest solution to this problem appeared to be to neglect 
X.p, obtained from the bulk superconducting region, and use the parameters K, 
H c and Hc3 which were obtained uniquely from the surface superconducting 
region. Using this approach we were however unable to model accurately the 
f lipping ratios while keeping our  parameters with in  the ir  experimental 
l im its .
Success was obtained in modelling the measured flipping ratios, within the 
framework of Ginsburg-Landau theory, by simply allowing K to vary. For 
applied fields nearer to Hc than Hc3, K was found to increase only slightly
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from its value of 0.497 at Hc, with applied field, as illustrated in figure 6.18. 
Even at an applied field of 7.6 x 104 Am'1, K had increased only to 0.505, a value 
well inside the experimental error for our calculated K. If we examine the 
ca lcu la ted  magnetic  induction profiles, corresponding  to the  calculated
flipping ratio profiles, for the four lower applied fields it is c lear  that above 
these fields only a small remnant of the characteristic expulsion of the 
magnetic f ield  from the material surface is present. Therefore we may 
conclude that for lead the magnetic induction profiles for the majority of the 
s u p e rc o n d u c t in g  region are ac cu ra te ly  desc r ibed  by G in sb u rg -L a n d au  
theory, with a K = 0.5, rather than the conventional K of 0.56. The variation of 
K with applied  field, within the surface superconducting phase,  is not 
c o m p le te ly  su rp r is in g .  A s im i la r  e f fe c t  is found w ith in  Type II
superconductors where the nature of the mixed state, near the upper and 
lower critical applied fields, is more accurately characterised by two different 
values of K.
An additional feature of the surface superconducting region is that the 
most field exclusion, i.e. the minimum of B(z), occurs approximately one 
coherence  length beneath the surface, as shown in figure 6.19. This 
i l lu s t r a te s  how su i tab le  p o la r i s e d -n e u t ro n  ref lec tom e try  is for the
investigation of  the phenomenon of surface superconductivity.
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F ig u re  6 .19 :  a) The theoretical field profiles and b) the superconducting 
order p a ra m e te r  ca lcu la ted  from G insburg-Landau theory  for the surface 
superconducting  region and plotted as a function o f  distance z from the 
surface, with A.p = 390 A.
CONCLUSIONS
Various neutron-scattering techniques have been used to investigate the 
superconducting and magnetic  properties o f  bo th  conventional and high-Tc
s u p e r c o n d u c to r s .
In our studies o f  the  m agnetic  order in a single crystal of non- 
superconducting  P rB a2C u 30 7.5> in three different oxygenation states 8 ,,  82 and 
8 3 (where 8 ,  < 8 2 < 8 3), the Cu spins in the C u 0 2 planes were found to be
antiferromagnetically ordered  at room temperature with the individual spins 
lying in the a - b plane. For the 8 2 = 0.27 state, the only state which 8 was 
d e te rm in e d  p re c is e ly ,  the  o rd e r in g  t e m p e r a tu re ,  T N1, o f  this high-
tem pera tu re  Cu o rd e red  phase was ex t ra p o la ted  from the temperature 
dependence of  a magnetic Bragg peak to be (400 ± 25) K and the saturated Cu 
moment was found to be (0.55 ± 0.04) p.B. Although accurate determination of 
T N , was not p o ss ib le  due to the upper te m p e ra tu re  lim it  o f  the 
c r y o r e f r ig e r a to r ,  T N1 appeared to be rather insensitive to changes in the 
oxygen concentration o f  the crystal. A similar insensitiv ity  of  T N, to the
oxygen defic iency  8 is observed in the superconducting members of the 
R eB a2C u 30 7.6 family of  compounds.
At a low er tem perature ,  T N2, the Cu m agnetic  moments also order 
antiferromagnetically  a long  the Cu chains in troduc ing  further complication 
into the spin configuration. The spin configuration o f  this low-temperature 
Cu ordered phase consists of a non-collinear arrangement o f  spins along the 
c direction. The planar C u  moments either side o f  a chain Cu ion are each 
rotated at an angle, the same in magnitude but opposite in sense, to the chain 
Cu moment. For the 82 = 0.73 state, at 2K, the planar and chain Cu moments 
were found to be (0.54 ± 0.06) p B and (0.25 ± 0.03) | i B respectively and orientated 
at a relative angle of 23° ± 2°. In contrast to TNI, T N2 was found to be strongly 
dependent on the oxygenation state o f  the crystal,  falling from (40 ± 3) K to
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(11 ± 1) K with an increase in oxygen concentration o f  the crystal from 8, to 
52 = 0.73.
Additionally , at low tem peratures ,  below 20K, diffuse scattering was 
observed which can be attr ibuted to two-dimensional and three-dimensional 
short-range correlations of the Pr spins. For the 82 = 0.73 crystal at 2K, the Pr
sp in s  were found to be an t i fe r ro m a g n e t ica l ly  o rdered ,  w ith  the spin 
directions along the c direction, over a correlation length of -200  reciprocal 
la tt ice  spacings in the a - b  plane and a correlation length o f  < 2 in the c 
direction. At no temperature, down to the experimental limit o f  2K, was any 
long-range magnetic ordering of  the  Pr spins observed. The onset o f  diffuse 
scattering at such a high temperature coupled with the  absence of  long range 
m agnetic  order is uncharacteristic  o f  typical quas i-two-dim ensional magnets 
and the failure of the Pr spins to order may be explained due to disorder in 
the  crystal. Disorder also provides a mechanism for the failure of the low- 
temperature Cu ordered phase to form a simple collinear spin configuration 
at temperatures near OK, unlike the same phase in other ReBa2C u 30 7.8
compounds. Possible sources of disorder may be impurities,  e.g. A1 present due 
to the growth of the crystal in an A120  3 crucible, and substitutional defects,
e.g . the presence of Pr on the Ba site. If  the crystal was of a higher quality 
and behaved in a similar manner to other quasi-two-dimensional magnets we 
would  expect the Pr spins to order in the vicinity o f  10K. This would be an 
order  of magnitude higher than would be expected i f  one scaled T N for the
o the r  rare earths and would indicate a stronger interaction between the Pr 
spins. A mechanism for this interaction could be the hybridisation o f  the Pr 
4 f  electrons with the conduction electrons of  the C u 0 2 plane.
Analysis o f  the induced magnetisation density distribution in PrBa2C u 30 6 73 
revealed  a strongly aspherical m agnetisation density  distribution around the 
Pr site. The magnetisation density was found to be extended towards the Cu
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sites in the C u 0 2 planes. One cause of this deviation from a spherical free ion
d istribu tion  may be again the hybridisation of the Pr 4 f electrons with the 
conduction  electrons of the C u 0 2 plane. The results of this experim ent should
not be overly  interpreted as the m agnetisation density  d istribu tion  may be 
sim ila r to that for a superconducting  com pound o f  the sam e fam ily. T h is 
th e re fo re  w ould mean that ou r assum ption that the m agnetisation  density  
surrounding the Re site, in R eB a2C u 30 7> would norm ally be roughly spherical
in n a tu re  was incorrect. The consequences o f  the  observed m agnetisation  
d en s ity  d is trib u tio n  around the  Pr s ite  could be c la rified  if  a s im ila r 
experim ent was performed on a superconducting com pound, e.g. NdBa2C u 30 7, 
w hich has sim ilar structural param eters to PrBa2C u 30 7.
A nalysis o f the induced m agnetisation  density d istribu tion  also revealed a 
sizeab le mom ent on the Ba site . This may be explained by the presence o f a 
sm all percen tage o f Pr3* ions upon this site. It has been previously show n 
that the R e3* ions may be deliberately substituted on this site and hence due to 
the sim ilar radii of P r3* and B a2* ions it would seem  highly feasible that P r3* 
ions may be unintentionally present on the Ba site. If we assume the Pr and 
Ba sites are sim ilar in respect to the m agnetic m om ent which may be induced 
upon these sites then from  our in itial analysis, assum ing spherical form  
factors, (7.8 ± 0.03) % of Pr was found to substituted on to the Ba site. (Note: the 
p resence o f this amount o f Pr on the Ba site and the subsequent additional 
positive  charge is not thought to play a sign ifican t role in the absence o f  
superconductiv ity  in PrB a2C u 30 7.) A dditionally sm all magnetic moments w ere
found to be present on the tw o Cu sites and in our spherical form factor 
approach  to m odelling the m agnetisation  density  d istribu tion  the induced 
m om ents on the Pr, C u (l)  and Cu(2) sites were found to be (0.34 ± 0.01) | i B, 
(0.024 ± 0.003) p B and (0.006 ± 0.004) p B respectively.
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P olarised-neutron reflectrom etry  has proved to be an accurate tool in the
investigation o f  the m agnetic induction profiles of Pb film s in both the bulk 
and surface superconducting  states. In the bulk superconducting  sta te the
observed  sp in-dependent reflectiv ity  profiles can be accurately  described by 
an exponential m agnetic induction decay with a penetration  depth of (390 ± 
10) A, as p red ic ted  by L ondons' theory . No d ev ia tio n s  from  a p u re ly
exponentia l decay, as p red ic ted  to occur at a depth o f  several penetration  
dep ths in type I superconductors due to the non-local relationship between 
the induced  cu rren t and field, w ere observed due to  the sensitiv ity  o f 
p o la rise d -n e u tro n  re flec tro m e try  to on ly  su rfa ce  e f fe c ts . The o bserved
penetration  depth and the related L ondons' penetration depth, \ L(0), (390 ±
10) A and (280 ± 10) A respectively , are re la tive ly  small com pared to
p rev iously  reported  values but are in very good agreem ent with theoretical
ca lcu la tio n s based upon a strong-coupling in teraction , (S w ilhart and Shaw.
1972).
In the surface superconducting region it was im possible to model all the 
sp in -d ep en d en t re f le c tiv ity  profiles using G insbu rg -L andau  theory  w ith a 
s in g le  set o f  co n s tan t param eters the G in sb u rg -L an d au  param eter, the 
pene tra tion  depth and the lower and upper critica l app lied  fields for the 
su rfa ce  superconducting  sta te , K ,A ,p, Hc and Hcj respectively . By sim ply
allow ing K to increase with the applied field, from 0.497 at Hc to 0.56 at Hc3, we 
were able to accurately model all the magnetic induction profiles between Hc 
and Hc3. Only near to Hc3 was K found to increase rapidly and for the majority 
o f  th e  su rface  su perconducting  reg ion , aw ay from  H c3, the m agnetic
in d u c tio n  p ro files  could  be accu ra te ly  described  u s in g  G insburg-L andau
theory with K = 0.501 ± 0.004. The observed critical fields Hc and Hc3, (6.13 ±
0.15) x 104 A m '1 and (8.12 ± 0.25) x 104 A m '1 respectively , agreed well w ith 
prev iously  published resu lts for Pb.
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A P PEN DIX
A . l  P r o p a g a t i o n  o f  e l e c t r o m a g n e t i c  w a v e s  in s t r a t i f i e d  m e d i a .
T he reflec tiv ity  and transm ission  o f a traverse elec trom agnetic  wave 
th rough  a stratified  m edia can be calculated  by solv ing the second-order 
d iffe ren tia l equations d erv ived  from M axw ell’s equations (fo r a rigorous 
proof see Born and Wolf. 1975 or Jacobsson. 1975).
Initially we can consider the passage of a wave through a single film. If we 
consider the plane of incidence to be the y-z plane then the general solutions 
of the Maxwell equations may be written as
E x = U(z) exp {i(k0ay  - cot)) ( A . l)
H y  = V(z) exp {i(k0a y  - (Ot)) 
H z = W(z) exp |i(k0a y  - tot))
(A .2) 
(A .3)
w here U(z) and V(z) must satisfy the follow ing second-order d ifferen tia l 
e q u a t io n s
d_U .  d i l o g e l i i i  + kJ(n 2 . ot2)U = o 
d z 2 dz dz
2 d { lo g ( p - a _ ) (
- ---------- £---d_V + = 0
d z2 dz dz
(A.4)
(A .5)
w here k„ = 2 re /w aveleng th , e the d ie lectric  constant, p is the magnetic 
perm eability , n is the refractive index, a  is a constant and the exp(-cot) term 
reflects the time dependence of the solutions. Since U(z) and V(z) each satisfy 
a second-order linear d ifferen tia l equation they may be expressed as a linear
com bination of two partial solutions, which in turn, due to their unarbitrary
%
nature, must be coupled by the following first-order differential equations= ikopV,(z) , d U i i l l  = i|q,pV2(z) .
dz dz (A.6,7)
d V iU ) = ik je  - — ] U l(z) , 
dz \ U / (A .8,9)
By representing the solutions as follows
where
U J = f(z), U2 = F(z), V 1 = g(z), Vo = G(z), 
f(0) = G(0) = 0 and F(0) = g(0) = 1
then U(z) and V(z) may be represented by
U(z) = F(z) U0 + f(z)V 0 (A. 10) 
V(z) = G(z) U0 + g(z) V0 (A . 11)
w here U0 = U(0) and V0 = V(0). The solution of these equations may be
represented in matrix form , and the more convenient form expressing U0 and
V 0 in terms of U(z) and V(z) can be written as
w h e r e
Q« = M Q (A .12)
Q = [U(Z)1. Q o=[ U° l .  M =[ 8 (z )  - f (z )
|V (z)J L V0 J  -G (z) F (z) .
If wc now consider the case of two adjacent films where the first one extends
from z=0 to z=z, and the second film from z=z, to z=z2 and M ,(z ) and M 2(z) are 
the characteristic matrices o f  the two films then
Q» = M ,(z ,)  Q (Z |)  and Q (z ,) = M 2(z2 .z , )  Q (z2) (A.13)
so that Qo = M ,(z 2) Q (z 2) (A. 14)
where M (z 2) = M ,(z ,)  M 2(z 2 . z ,) (A .15)
This result may be generalised for a series of N layers, total thickness zN
where each film is o f thickness zn and has its own characteristic matrix M „ 
and therefore
Qo = M (zN) Q (zn) (A .16)
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where M (zn) = M N(zn) (A. 17)
If we now consider the case of a wave incident on a film those refractive 
index varies with dep th  where 9 denotes the angle which the normal to the 
wave makes with the z axis. By applying Snell’s law we may define a  = n sin0. 
If we assume the film is equivalent to a number of thin layers, j= l,2  ....N, each 
of thickness Zj with a constant refractive index nj , dielectric constant Ej and 
m agnetic perm eab ility  Pj (Note: n = V ep), then the characteristic matrix for 
the jth  layer becomes
and hence the characteristic matrix of the series of layers can be represented 
b y
c o s ( k 0nj Z jC O S0 ) --L-sin (k0nj Z jCO sO )
- ip js in (k0nj ZjCos9) cos(k0nj ZjCos9)
(A. 18)
w h e r e
(A. 19)
N
m  = n  M j
(A.20)
The reflection coefficient for the film may be written as
r _  (m i i + m i2pN)pi - (m 2 | + m22PN) 
(m u  + m !2pN)p i + (m 2 i + m22pN). (A.21)
where the reflectivity R = I r I2.
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